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XSUMMARY
The work presented here £s divided into two p a r t s , In the f i r s t  
p a r t ,  the extraction of phosphoric acid with solutions of t r i ’-n-octylamine 
in  benzene has been studied. The distribu tion  data have been 
q u a n titativ ely  explained by the formation in the organic phase of two 
amine phosphate species with stoichiometries R^N : ^ 3 ^ 4  (amine: 
phosphoric acid) of 1 :1  and 1 : 2 . The apparent equilibrium constants 
fo r  the formation of organic phase species R^NHK^ PO^  and R^NHl^PO^.HgPO^ 
have been calculated. Linear relationships have been obtained between 
In and In the apparent equilibrium constants for the
formation of a series of s a lt  species with amine:acid ratios 1 : 1  and 1 : 2 ,  
and In Ka> the dissociation constants of the corresponding acids. The 
constants obtained in this work su ccessfu lly  f i t  onto the above straig ht  
l i n e s ,
In the second part, a s t a t i s t i c a l  thermodynamic treatment
o r ig in a lly  developed for so lid  ion exchangers has been successfully
applied to several uni-univalent anion exchange reactions with
tri-n-octylam ine hydrochloride, a liquid ion exchanger. From the
equilibrium experiments, the thermodynamic equilibrium contstants
(In K ^ ) and hence the standard free energies of exchange ( A g° )  have 
A
been evaluated. For some uni-univalent reaction s, where data were 
a v a ila b le ,  a linear correlation has been obtained between the 
thermodynamic equilibrium constants, for the exchange of d ifferent  
anions with chloride ion, and the difference in the free energies of 
hydration of chloride ion and the corresponding anion, The 
aggregation of the amine s a lt s  involved has been studied by the
yapour pressure lowering method for a, limited range of concentration, 
and the in teraction energy 10 obtained fronj s e l e c t iv i t y  plots has been 
attributed to possible formation of m icelles in the organic phase.
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S E C T I O N  1
IN T R O D U C T IO N
9(1 .1 )  E x tra c t io n  o f  A c ids  by Amines and T h e ir  S a l ts :
Solvent extraction is  a process in which a substance in solution is  
transferred to a greater or lesser  extent from one liquid phase to 
another, the two solvents being immiscible. The equilibrium d istribution  
of the solute between the two phases is  called the liq u id -liq u id  
p artitio n  or d istribu tion . The p artitio n  of a substance in this way
between two immiscible liquids has been well known for many years.
(1)As early as 1842 , Peligot described the extraction of uranyl n itra te
from aqueous solutions by ether and employed the method for separating 
and purifying uranium from pitchblende. During world war I I ,  the 
advent of atomic energy programmes in many countries brought about the 
use of solvent extraction of inorganic substances on a large scale . I t  
also enjoys a favoured position among the separation techniques that 
are available to the a n alytical chemist because of i t s  speed, s im p licity ,  
s e l e c t iv i t y ,  and broad scope, Very often separations can be made on a 
laboratory scale within a few minutes by use of apparatus no more 
complicated than a separating funnel and by careful control of conditions 
a high degree of s e l e c t i v i t y  can be achieved. Furthermore, the technique 
is  equally applicable to trace quantities and to a wide v ariety  of metal 
ions. The broad scope of solvent extraction procedures is  reflected  in 
the extensive bibliographies associated with the review a r t ic le s  
written by Morrison and F re ise r  f Freiser ^ \  Irving Irving
and Williams Diamond and T u c k ^ \  and Frolov, Ochkin and Sergievsky
Although, the main use of solvent extraction remains in the separation 
of elements from each other, more recen tly i t  has been used for the 
investigation of the nature of metal ions in solution. A v ariety  of
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extractants have been used for this purpose including ethers, e sters,
and acids, but in p a rticu la r  amines have found wide application in
recent years. Of the many amines studied for metal extraction, the best
resu lts  have usually been obtained with r e la t iv e ly  simple molecules
(9)having molecular weights between 250 and 600 ,
The long-chain amines have been shown to be e f f ic i e n t  extractants of 
mineral acids. Smith and Page , in the investigation of the acid  
binding properties of long-chain amines, used t e r t ia r y  amines such as 
methyl-dioctylamine (MDOA) in chloroform or nitrobenzene to extract  
strong acids q u an titatively  from aqueous solutions and to e ffe c t  the 
quantitative separation of these acids from weak acids such as glycine  
and glutamic acid. They considered their systems comparable with solid  
weak-base anion exchange resins and found that the t e r t ia r y  amines 
were more e f f ic i e n t  than the secondary or primary amines and that the 
e ff ic ie n c y  improved with increased length of the carbon chain. Since 
1952 , a wide range of amines have been studied at the Oak Ridge National 
Laboratories (ORNL), prim arily for use in recovering uranium and related  
metals from ore-leach liquors. Those used as extractants included 
primary, secondary and t e r t ia r y  amines and among the most widely used in 
recent years is  tri-n-octylam ine (TOA), because of low s o lu b ility  of the 
amine and many of i t s  s a lts  in water, i t s  high s o lu b il it y  in most 
organic solvents, and low cost.
The extractant is  usually converted into one of i t s  sa lts  before use 
and anionic aqueous phase species are then extracted by means of an
ion exchange process of the following type
11
CR3NH)2S04 + U02 (S04) 2~ (R3NH)2U02 (S04)2 + SO
4
2 -
Since such extractions are usually carried out in acid ic  solutions  
to prevent the hydrolysis of the amine s a l t ,  the extraction of acids 
should also be considered simultaneously. When, however, f u l l y  substituted  
quaternary ammonium s a lts  are used as extractants, the lim itation on the 
aqueous phase condition does not apply. These compounds can be used to 
extract metals from neutral and s l ig h t l y  alkaline solutions as well as 
from acidic solutions.
The extraction of acids from aqueous solution by long-chain a lip h atic
amines in organic solvents has received increasing attention since the
work of Smith and Page who suggested the p o s s ib il it y  of using the
process for the extraction of many d ifferen t inorganic and organic acids,
A number of papers have been published to report the extraction of n i t r i c ,
hydrochloric, hydrobromic, hydriodic, hydrofluoric, sulphuric, perch loric,
(12-22)and phosphoric acids . The distribution of both organic and
mineral acids between water and a water immiscible organic solution of 
amine favours the organic phase. The extraction of organic acids from 
the aqueous into the organic phase is  not complete even in the presence
of a stoichiometric excess of amine base in the organic phase, but under 
similar experimental condition, however, the extraction of aqueous 
mineral acids is  p r a c t ic a l ly  quantitative. Furthermore, the extraction  
of mineral acids is  usually not limited to the formation of simple amine 
s a lt s  in the organic phase, but when the i n i t i a l  acid concentration in 
the aqueous phase is  high, the acid:amine ratio  in the organic phase 
frequently exceeds unity and an excess acid to that necessary for the
12
The a f f i n i t y  of t e r t i a r y  amines for the halo acids, which is  in the
order of th eir  e x t r a c t a b il it y ,  decreases in the order HI> HBr> HC1>
(20 23)HF and this seems to be independent of the nature of the diluent *
A more detailed description of the extraction of d ifferen t acids is  now 
given.
(1 . 1 . 1) Halo Acids:
Among the halo acid s, hydrochloric acid has attracted the most
attention ^  22,24  42)^ ext r a c t a b i l i t i e s  of hydrobromic and hydriodic
(19- 22 , 27 , 30- 31 , 40 , 43- 47) . acids indicate that their distribution curves
are comparable with that of hydrochloric acid, but the behaviour of
hydrofluoric acid has been found to be quite d if fe r e n t ^ 2 , 17 , 20 , 43,48  49)  ^
In the extraction with amines, the uptake of excess acid (to that necessary  
for the formation of the simple amine sa lt)  varies considerably from 
one halo acid to another, but the v ariatio n  follows the halogen 
se rie s .  The extraction of excess acid is  immediate with hydrofluoric  
acid, and slig h t  with hydrochloric acid up to 2- 3M concentrations.
With hydriodic acid up to <>7M in the i n i t i a l  aqueous solution, no excess
(27)acid is  extracted and the e xtractive  behaviour of hydrobromic
acid is  intermediate between that of hydrochloric and hydriodic acids.
The excess acid extracted has been interpreted by the majority of the
(35)authors m terms of hydrogen dihalide formation. Kujima et a l .  ,
studied the e q u ilib ria  involved in the extraction of hydrochloric acid  
by tri-n-octylam ine in benzene as a function of the hydrochloric acid  
and tri-n-octylam ine concentrations. From the extraction in the low
fo rm a tio n  o f  th e  s im p le  amine s a l t  i s  e x tra c te d
a c id ity  range (<0 . 001M HC1) , i t  has been found that two complexes T0A-HC1
and (TOA.HCl)^ are present in the organic phase, but for higher
concentrations of hydrochloric acid (>3M) i t  seems probable that the
complexes (TOA.HCl)^ HC1 and (TOA.HCl)^ (HCl)^ are present in s ig n ifica n t
concentrations besides the monomer and the dimer already referred to.
Three complexes, (T0A.HC1>2 (HC1>2 , (T0A.HC1) 3 HC1 and (T0A.HC1>3 (HC1>3
have also been found to be formed, but in lower concentrations.
( 38)Aguilar and HHgfeldt studied the same system by two-phase e.m .f.
t itr a t io n s  and their experimental data could be explained by assuming
the formation in the organic phase of the species (TOA.HCl)^, where
i  = 1 ,2  and 5 . At high acid concentrations, they found from batch
experiments that the data obtained could be explained by assuming the
formation of the species T0A.HC1 .H20 , T0A(HC1) 2 .H20 and TOA(HC©2 .
The e q u ilib ria  between tri-iso-o ctylam in e (TIOA) dissolved in several
organic diluents and d ilu te  aqueous solutions of hydrochloric acid ,
(42)however, revealed that in diluents with r e l a t i v e ly  high d ie le c t r ic
constants ( 1 , 2  -  dichloroethane, dichloromethane, 1 , 2  -  dichlorobenzene 
and chloroform), the ammonium s a lt  e xists  as an undissociated ion-pair  
up to 9/0 , 1M, whereas in low d ie le c t r ic  constant diluents (benzene, 
xylene and carbon tetrach lo rid e ), the species TI0A.HC1 and (TI0A.HC1) 2 
are present in the organic phase. In a study of the ro le  of octanol in 
the extraction of hydrochloric acid by trilaurylamine (TLA) dissolved in 
benzene, Muhammed found that the species TLA.HC1 and (TLA.HC1) 2
are formed in the absence of octanol. However, in the presence of octanol 
in the organic phase, the species TLA.HC1 .R0H was found to e xist  in the 
organic phase.
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The formation constant of trioctylamine hydrogen difluoride has been
4 . o (29)estimated to have a value of 1 .8  x 10 in toluene at 25 C . The
main differences in the e xtractiv e  behaviour of hydrofluoric acid to
other halo acids are a less  complete extraction of the acid when the
amine is  in excess and an increased so lu b ility  of excess acid in the
amine hydrofluoride. These phenomena are explained by the incomplete
d issociation, and the tendency for dimerization of the acid,
resp ectively . In other words, the a b i l i t y  of the fluoride ion to add
on hydrofluoric acid with the formation of HF2 exceeds the proton-
accepting power of the nitrogen atom.
The tendency to extract hydrobromic and hydriodic acids, in excess 
of that needed to form the simple s a l t ,  is  so much lower than in the case 
of a p a ra lle l  hydrochloric acid system that the formation of dibromide 
(and obviously diiodide) ion under experimental conditions of solvent 
extraction has been questioned ,
(1 , 1 . 2) N itr ic  A cid :
The n it r ic  acid extraction by amines has been studied under a v a rie ty
p .n + 'H + n , (16- 17 , 19 , 22 , 24 , 27 , 29 , 40 , 52- 72) , ... .of conditions and a l l  workers unanimously
agree that the extracted acid resu lts  in the quantitative formation of
the amine n itra te  as long as free  amine base is  present in the system.
R + H+ + N0~^=±. R,HN03 (R = amine) (1 . 1 . 2)
(16)Carswell and Lawrence give the equilibrium curves for solutions
containing up to 10M aqueous n i t r i c  acid with both tri-iso-nonylamine  
and tri-iso-o ctylam in e showing that the amine solution extracts n it r ic  
acid in excess over that required for the formation of the amine n itr a te .
14
Shevchenko et a l .  , extracted n i t r i c  acid with 
tri-n-octylaraine dissolved in o-xylene or carbon tetrachloride and 
found that the quantitative nature of the extraction in the absence 
of free  tri-n-octylam ine could be explained by assuming that the 
compound is  extracted as the complex (TOA.HNO^).HNO  ^ formed by the 
reaction:
T0A,HN03 + H+ + N0~ ^ t  (T0A,HN0 3).HN03 (1 . 1 . 3)
(44 55 69)Similar results  have been found for other systems s * .
( 73)
Komarov and Komarov , however, th e o re tic a lly  showed that reaction
(1 , 1 . 3) does not of i t s e l f  represent a true picture of the interactions  
|*
occurring in the organic phase. They suggested an approach for 
describing the distribu tion  of monobasic acids between an aqueous 
solution and an organic phase containing an associated s a lt  of the 
alkylamine,
(17)In 1961, Bertocci and Rolandi studied the extraction of several 
acids including n it r ic  acid by xylene solutions of tri-n-octylam ine at 
several concentrations of amine and of acid. The tendency for dissolution  
of n it r ic  acid in the organic phase was found to be the highest among 
the various acids they studied, the ratio  [HN03 ] / [ T 0A] being more than 
one at r e la t iv e ly  low aqueous n i t r i c  acid concentrations. For
/rt / \
trilaurylamine (TLA), however, Matutano observed a 'molecular' 
extraction of n i t r i c  acid less important than that of other strong 
acids studied. Aguilar , who studied the extraction of n it r ic  
acid by tri-n-hexylamine (THA) in benzene at low acid concentrations, 
explained his experimental data by assuming the formation of the 
species THA,HNC>3 and (THA.HNC^^ in the organic phase. On the other 
hand, the experimental data at high n i t r i c  acid concentrations were
15
^CQ\
explained through the assumption of the formation of the species THA. 
HNO3.H2O, , THA.(HN03 ) 2 , and THA.(HN03 ) 3 . ^2^* t1ie organic phase.
Values for some of the formation constants of the amine n itrates  
are given in Table ( 1 * 1 ) ,  where
Ku  = [O S O p  [ i f f 1 [H+] _1 [N 0p_1
As fa r  as the excess acid extraction is  concerned, Shevchenko 
(59)
Mezhov and their  co-workers have evaluated the formation constant 
K12 = [RH+ N0~ . HN0 3] , [RH+ NO~;f1 , [H+] " 1 . [NO” ] " 1
16
.V
for the reaction
RH+ N03 + H+ + N0~ +  RH+ N0~ HN03 (1 . 1 . 4)
in an aqueous acid range from 1 to 5M, and an amine concentration
of about 0 . 5M. The values K_^ 2 = 0,09  for tri-n-octylam ine in carbon
tetrachloride and 0 ,13  in o-xylene, and 0.033  for dioctylamine in xylene
have been calculated. The value of K^2 is  only s l ig h t ly  affected by
(611
the to tal amine concentration : for tri-iso-octylam in e in xylene
K^2 = 0 .23  at a 0 . 05M amine le v e l ,  and 0.26  at 0 . 43M. For trinonylamine
in xylene (0 . 2M) the value is  0 . 18 , Good results fo r  the evaluation of
K^2 have been obtained when allowance was made for the equilibrium
concentration of undissociated acid in the aqueous phase(57 , 60)^
However, a quantitative description of the extraction of excess n it r ic
acid by a series of secondary and te r t ia ry  amines has been given, in
which the aggregation of the amine n itrate  species is  taken into account 
(75- 76)
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amines on their e ff ic ie n c y  in extracting n i t r i c  acid has also been examined 
(71-72) The main fa cto rs  connected with the structure of amines and
a ffe ctin g  their extraction properties are the inductive and ste r ic
a ffe c t s  created by the substituents attached to the nitrogen atoms.
(71)Shmidt et a l .  , in their study of the extraction of n i t r i c  acid by
t e r t ia r y  alkylamine n itra te s  (0.1M in benzene) with chain-lengths greater
than (negligible  change in inductive e ffe c ts  with the change of
a lk yl chain-length), showed a lin e ar relationship between the logarithms
of the extraction constants and constant parameters Eg characterizing the
s te r ic  hind/rance of the substituents attached to the nitrogen atoms
of amines studied; an amine with a greater s te r ic  hind/ranee showed a
(72)lower extraction e ff ic ie n c y .  In a similar way, Shvedov et a l .  
studied the role of the inductive e ffe c ts  of a series of t e r t ia r y  amines, 
with n eg lig ib le  d ifference in their s t e r ic  hind/rance, on the 
neutralization extraction of n i t r i c  acid by dilu te  solutions of these 
amines in p-xylene. The dependence of the logarithms of the
neutralization extraction constants on the sum of the p o la rity  constants
* . *of substituents on the nitrogen atoms of the amines £« characterizing
the inductive e ffe c ts  was found to be approximately l in e ar. The 
observed order of extraction behaviour of the amines was explained in 
accordance with the consideration of amines as nucleophilic agents; 
the introduction of electron-donor groups with p o sitive  inductive  
e ffe c ts  (for example a lk yl ra d ic a ls)  into the t e r t ia r y  amine molecules 
resulted in an increase of their  b a s ic i t y  and extraction e ff ic e n c ie s ;  
the introduction of electron-acceptor groups with negative inductive  
e ffe c ts  (for example benzyl or phenyl groups) lowered the b a s ic ity  
and extraction e ff ic ie n c ie s  of the amines.
The e f fe c t  o f  th e  c o m p o s itio n  and s t ru c tu re  o f  h ig h e r  t e r t i a r y
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in the organic phase, d ifferen t physical methods including infrared
, , (27, 53 , 55 , 57 , 60- 61 , 66, 76- 77)(XR) spectroscopy have been used ’ ’ . The
presence of the associated ion-pair R„N-H ........  0-NCL has been suggested
■j L
as the organic phase species in the extraction of n it r ic  acid with
t e r t i a r y  amines in the range where there is  no excess acid extraction
(27 , 53 , 56 , 77)  ^ i nf rared absorption spectra of extracted species
reveal a weakening of the hydrogen-bond in the amine n itra te ,  when the
{27 61 66 77^ra tio  of acid/amine exceeds unity * * 9 , The spectrum, in
* . . (27)this case, is  markedly d iffere n t from that of simple amine n itra te  ,
which is  believed to be due to the hydrogen-bonding of the second
HNOg molecule to N0  ^ group in amine n itra te  to form the amine b in itrate  
(27 , 66)
R3HH+ [q^N- 0  H  0- K ° r
t
Unlike the t e r t i a r y  amine dichloride (51) ,  the excess n it r ic  acid
* (16 27)extracted in amine b in itra te  can e a sily  be washed back by water *
or pumped o ff  by bubbling nitrogen gas through the solution ,
indicating the r e la t iv e  in s t a b i l i t y  of the adduct.
Conductivity measurements in low d ie le c t r ic  constant solvents 
show that neither the amine nor the amine n itr a te  have any measurable 
co n d u ctivity ,while the presence of excess n i t r i c  acid enhances the 
conductivity of these solutions (^5 , 60 , 66)^
To o b ta in  in fo rm a tio n  about the  n a tu re  o f  th e  n i t r i c  a c id  p re se n t
20
There has been a large number of studies of the extraction of
i . . . .  . (13- 15 , 17- 18 , 24- 25 , 27 , 29 , 62 , 78- 86) -sulphuric acid by amines ’ ’ » > > » / t from
which the most detailed investigation has been made of the extraction
of sulphuric acid by tri-n-octylam ine. The extraction of sulphuric
acid by benzene solutions of tri-n-octylam ine was f i r s t  studied by 
(13)Allen , who concluded that the sulphate s a l t ,  (TOAH)  ^ SO4, and the
bisulphate s a l t ,  (T0AH)HS04 were formed. Later, l ig h t-sc a tte r in g
(79)work by the same author showed that the sulphate was monomeric and
the bisulphate sa lt  dimeric, Cryoscopic studies have shown the
presence of dimers or trimers in the extraction of sulphuric acid by
(15)tri-n-octylam ine dissolved in benzene. Boirie who studied the
extraction of sulphuric acid by tri-n-octylam ine in carbon tetrach lorid e,  
explained her re su lts  on the assumption that the compounds extracted are
the momomers (TOA)^ ^ 2 ^ 4  antX CKVOH^SO  ^t whose in s t a b i l i t y  constants
—9 -2are (3 ,0  + 0 , 3) x 10 and (4+3) x 10 , resp ective ly . In 1961, Bertocci
. (17)and Rolandi , described the extraction from solutions containing
up to 10M sulphuric acid and found that below aqueous concentrations of
about 1M, the organic phase contains both sulphate and bisulphate in
various proportions, whereas above that value only bisulphate is
present. The formation of amine sulphate at concentrations lower than
(81)
0 . 019M was observed by Verstegen and co-workers , who used
benzene as the diluent fo r  tri-n-octylam ine and calculated the enthalpy
(18 )and entropy of the formation of (TOAH^SO^. Sato reported that when
sulphuric acid solutions are extracted by tri-n-octylaraine in benzene 
at low a c id it ie s  the hydrated amine sulphate (TOAH^SO^. 41^0 is  formed 
according to the reaction f ( 1 . 1 . 5) ,' and at higher a c id it ie s  the
(1 .1 .3 )  S u lp h u r ic  A c id  :
unhydrated amine bisulphate (TOAH) HSO^  is  formed according to the 
reaction ( 1 . 1 . 6 )
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2R3N + 2H+ + SO3"  5 = ^ :  (R3NH)2S04 ( l . i . 5 )
(R3NH)2S04 + 2H+ + S04” ^ = ±  2 (R3NH)HS04 (1 . 1 . 6)
(86)
Wilson proposes a model with s ix  species which includes the unreacted
amine, the monomer of the amine sulphate and bisulphate s a l t s ,  the 
dimers of these two s a l t s ,  and the co-dimers formed from a monomer of 
each s a l t .
(87 )Frolov and Sergievsk ii investigated the reaction of tri-n-octylamine
and sulphuric acid in benzene cryo sco p ically, and established that together
with (T0AH)2S0 4 and (T0AH)HS04 , a compound (T0AH)2S0 4 . 2 [ (TOAH)HSC>4)]
with a ratio  TOA ; ^ 2 ^ 4  ~ 4 : 3 is  formed. Based on this idea, Shmidt 
(88 )
and Shesterikov studied the mechanism of the sulphuric acid extraction J
by tri-n-octylam ine in p-xylene. They found that on addition of sulphuric
i
acid to tri-n-octylam ine up to the ratio  H2S04 : TOA = 0 .5  • l a  
monomeric compound (T0AH)2S04 is  formed, while further increase in the 
ratio  1*2^4 ? TOA up to 0 .7 5  J 1 leads to the formation of [(T0AH)2S04] 2 
H2S04 monomer. Formation and p a r tia l  association of [ (T0AH)HS04J 4 is  
observed at higher sulphuric acid concentrations, (T0AH)2S04 is  the 
predominant sulphate form in tri-n-octylam ine solutions in benzene in 
equilibrium with d ilu te  (< 0 . 1M) aqueous sulphuric acid solution, but 
[(T0AH)2S04] I^SO Predominant in equilibrium with 0 .1  -  0 . 4M sulphuric 
acid. With a concentration of sulphuric acid in the aqueous phase of
2- 3M, p r a c t ic a l ly  a l l  the amine in the organic phase is  present in  
the form of the bisulphate (T0AH)HS04 .
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(1 ,1 .4 )  P e rc h lo r ic  A c id  :
..I, „ 4.4. 4.* (18- 19 , 22 , 24 , 27 , 29 , 31 , 4 0 , 55 , 57 , 62 , 89)been given the most attention > > » » » > > > > » /
(27) .
Bullock, et a l ,  m  the study of extraction of perchloric acid
with methyldioctylamine in chloroform describe an extraction involving
_ {27 89)the formation of the s a lt  R„NH CIO., which is  somewhat dissociated *
3 4
in the organic phase. In low d ie le c t r ic  constant solvents, the perchlorate
ion has a high a f f i n i t y  for the alkylammonium cation, and the
(29)equilibrium constant in carbon tetrachloride has a value of-
8 (89)2 . 1  x 10 ; the perchlorate sa lt  i s  highly aggregated in such a solvent
Among o th e r  m in e ra l a c id s , the  e x tra c t io n  o f  p e r c h lo r ic  a c id  has
_(1 . 1 . 5) Phosphoric Acid :
The e x t r a c t a b il it y  of phosphoric acid by long-chain amines has been
studied 18 , 24,90  93) ^ lower d istribution ratio  of phosphoric
(12 18 24)acid in comparison with other mineral acids has been found * 9
(18)In the extraction of phosphoric acid with tri-n-octylam ine in benzene
the a c id ity  of the organic phase increases lin e a rly  for aqueous acid
concentrations below 0 . 1M, reaching about 0 . 033M at 0 . 1M, but
increases more gradually when the aqueous a c id ity  is  greater than 0.1M.
The extraction curve of up to 'folOM solutions of phosphoric acid by
trilaurylamine (TLA) or amberlite LAII shows a maximum at about 5M and
(24)
3M fo r these amines, resp ective ly
(18)From the infrared (IR) spectroscopic data, Sato suggests that
the extraction is  according to the successive formation of phosphate, 
hydrogen-phosphate, and dihydrogen-phosphate as the a c id ity  in the
organic phase in creases. From a theoretical treatment of the subject,
(91)Shevechuck and E n al’ eva deduce that the formation of associates of
3_
te r t ia r y  alkylammonium cations with highly charged anions (like  PO^  ) i s
hindered by s t e r ic  interaction  of the alkyl ra d ic a ls .  I t  was shown that
3-PO, read ily  undergoes association and is  extracted with primary
(91)alkylammonium cations , while t e r t ia r y  amines form associates with
2-
sm g ly  and doubly charged anions fo r  example ^ 2 ^ 4  anc* **^4 * t i^e
extraction of phosphoric acid by tri-n^octylamine in benzene , at low
phosphoric acid concentrations and r e la t iv e ly  high tri-n-octylam ine
concentration, the acid phosphate of tri-n-octylam ine which is  formed has
an (TOAH) ^ ^ ^ 4  m° l ar r a t i °  of unity and is  polymerized as the phosphoric
193)acid concentration in the organic phase is  increased. R icci et a l ,  
found TOA.H^PO  ^ at low aqueous a c id i t ie s ,  which is  replaced by (TOA.H^PO^) 
H^ PO^  at higher aqueous phase a c id it ie s  up to 3M.
(1 . 1 . 6) Other Mineral Acids :
Other mineral acids have been studied, though to a lesser  extent.
(27)
Cyanic acid is  read ily  extractable by t e r t ia r y  amines, but the
s a lt  formed is  e a s ily  hydrolysed. As with hydrofluoric acid, a
considerable amount of excess cyanic acid can be extracted into the
127)organic phase. Selenic acid has been found to have nearly the
same extractive  behaviour as sulphuric acid. The e x tr a c ta b ility  of 
thiocyanic acid (20 , 40) behaviour of trilaurylamine thio-
cyanate are sim ilar to that of hydriodic acid and i t s  sa lts  (20 , 30)^
Like other alkylammonium s a l t s ,  tri-n-octylammonium thiocyanate
(TOA.HNCS) can extract the corresponding acid 1HNCS) from aqueous
194) 194)solutions to form T0A(HNCS)2 » Infrared spectroscopy has shown
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that the structure of the ionic tetradecylammonium thiocyanate is  
represented by ( R ^  ) CS-C = N) which has the negative charge on the 
sulphur atom, while that of tri-n-octylammonium thiocyanate is  (R^fa)
CN=C=S) which consists of an ion-pair with hydrogen bonding of the type
R^N-H N, in which the proton acceptor is  the nitrogen atom of an
isothiocyanate group,
(1 , 1 . 7) Organic Acids :
The e x t r a c t a b il it y  of various organic acids by amines has also been 
(24 27 95- 99)investigated * * , The extraction of oxalic  acid by 'v 0 . 4M
(27)methyldioctylamine in chloroform has been studied and i t  was found
that at low o xa lic  acid concentrations in the organic phase, the oxalate  
species (R^NH^ ^orme(* with a ratio  R^N : = 2 . With
increasing oxalic  acid concentration, the amine:oxalic acid mole ratio  
in the organic phase decreases and becomes equal to unity withiti experimental 
error, implying the complete formation of the bioxalate (R^NH)
Smelov and Strakhova extracted Oxalic acid by tri-n-octylam ine and
found that at high oxalic  acid concentrations, a white p recipitate  with 
the composition R3N,H2C204 is  formed at the aqueous-organic in terface.
In 1968, the infrared spectroscopic data of the compounds formed
during the extraction of o xalic  acid from aqueous into benzene solutions
(72)of tri-n-octylami.ne revealed that the monomer compounds with R^N :
^2C2^4 r a t ^os e9ual to 1 : 1 ,  2 *• 1 and 4 : 1 have similar spectra 
and that only one-CO^H group i s  neutralized and the other molecules of 
tri-n-octylam ine in the two l a t t e r  compounds are present as admixtures 
or with a very weak bond. . Later, however, the existence of a
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compound with a stoichiometric composition of R^N* **2^2^4 WaS con^^m e^ » 
when the extraction of oxalic  acid with tri-iso-o ctylam in e in various 
organic solvents was investigated
Of other organic acid s, the extraction of formic and l a c t i c
(95 , 100) , . - _ (100) , .acids by various amines into polar solvents and of a ce tic
(2 4 ,9 5 ,1 0 1 t 102) , „ . . - (97) . „ , _acid and trich lo ro a ce tic  acid into heptane and
o-xylene have been investigated in more d e ta il .  Chloro-substituted
a ce tic  acids were extracted from their  d ilute aqueous solutions into
organic solvents containing TOA, by amounts considerably greater than
(103)those expected by stoichiometry . The extraction of malonic and
(99)succinic acids have also been studied , The experimental data 
obtained indicate th a t, in the extraction of these acids by tri-iso-o ctylam in e  
in various diluents, compounds with stoichiometric compositions 
R^N.HCX^CH^CX^H and R^N. HCO^(CH^)2C0 2H are formed for malonic and succinic  
acids, resp ective ly .
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One of the most important problems in the extraction systems 
involving amines is  the aggregation of their s a lts  in the organic phase. 
This has been shown to cause complications in applying the mass-action 
law equations to describe q u a n titatively  the process of extraction, 
since the equilibrium of the f i r s t  reaction below is  complicated by the 
existence of the subsequent reactions
(1 .2 )  A gg re g a tio n  o f  the  Amine S a lts  in  the  O rgan ic Phase:
R3N + H+ + A 5 = = *  R3N+H A"
R3N+H A + R3n+H A ~ ^ = i  (R N+H A ")2
( R J +H A )• , + R„N+H A""^rr± (R N+H A )
3 n~l 3 3 n
The properties of the diluent, the nature of the ammonium cation and 
of the anion, and their  concentrations determine whether the sa lt  is  
dissociated, ion-paired or s t i l l  more highly aggregated in the organic 
phase (2 0 ) .
Several workers have attempted to determine the degree of
aggregation ( i . e . ,  the size  of the aggregation unit) in systems with
long-chain amines by employing lig h t-sc a tte r in g ,  cryoscopic and
ebullioscopic, e .m .f , ,  vapour pressure lowering and other methods. 
(13)Allen explained the resu lts  obtained in his studies of sulphuric
acid extraction by tri-n-octylam ine in benzene on the basis of a deduced
( 7 9 )
aggregation model, while la te r  i t  was found that tn -n -o ctyla m m e
sulphate in benzene is  at most only s l ig h t ly  aggregated. His l ig h t -
scattering data on the aggregation of some allcylamine sulphates and
bisulphates, among them those of di-n-decylamine and tri-n-octylam ine
(104)in benzene, also confirmed by McDowell and Coleman using in te r fa c ia l
tension measurements, point strongly to the p o s s ib il it y  of micellar  
aggregates involving as many as fo rty  monomers. The resu lts  of Fomin et 
a i^ ( 80) ,  used cryoscopic methods in their studies of the TOA-H^SO^- 
benzene system, support A lle n 's  l ig h t-sc a tte rin g  data. However, Fomin 
and Potapova as  well as Vdovenko et a l . ^ ^ ^ \  find that the
aggregation of several tri-n-octylam ine sa lts  goes through a maximum at 
^0 . 5M and then decreases at higher s a lt  concentrations due perhaps to an 
increased p o la rity  of the solution
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Experiments carried out on trilaurylamine chloride, bromide, n itrate
and bisulphate in dry benzene indicate that 0 . 01M is  the lower lim it to
obtain any s ig n ific a n t  data from lig h t-sc a tte rin g  measurements ,
Reproducible data in a solute concentration range between 0.02  -  0 . 2M were
(14 79)obtained for l ig h t-s c a tte r in g  measurements ’ on a number of amine 
sulphate and bisulphate extracts in benzene, though for the exceedingly 
aggregated s a lt s  of di-n-decylamine a lower concentration range could be 
investigated. The monomeric state  of tri-n-octylam ine sulphate in benzene 
and xylene solutions of up to 0 . 5M has been observed using l ig h t-sc a tte rin g  
as well as cryoscopic methods (79 , 88,107  111)  ^ bisulphate s a l t ,  however,
has been shown to be dimeric in the concentration range 0 . 02- 0 . 2M which 
becomes tetrameric or even higher at higher concentrations of up to ^0 . 5M 
(79 80 . 107 111)  ^ d istribu tio n  data for the extraction of sulphuric
28
acid by alkylamines, such as trihexyl-and trioctylamines, in solvents with
lower d ie le c t r ic  constants lik e  kerosene, suggest high aggregation in 
(81)these systems
Many more amine systems have been studied to investigate  the degree 
of the aggregation of the species in the organic phase using cryoscopic,  
ebullioscopic, vapour pressure lowering and other methods. The main 
objection to the use of cryoscopic and ebullioscopic techniques is  that 
they provide the information at and around the freezing or boiling points 
of the medium and there is  no ju s t i f ic a t io n  for assuming that the 
information on aggregation w i l l  be v alid  at other temperatures ^ ° 6 )  ^
(112)Probably a more re lia b le  technique, independently introduced by Dyrssen 
(113)and HiJgfeldt , is  the two-phase e.m .f, t itr a tio n  method which has been
used in the study of the aggregation eq u ilib ria  of long -chain amine
1#. (37- 39 , 47 , 54 , 97 , 114- 125)s a lts  . For n it r ic  acid extraction, the cryoscopic
, A , . v  (105) „ . (126) . . (127)(and ebullioscopic) , tensimetric , vapour pressure lowering
, ~ (69 , 114 , 122) . „ , ,and e.m .f. data agree on rather moderate aggregation
numbers in aromatic d ilu en ts, whereas the degrees of aggregation deduced
from the lig h t-s c a tte r in g  data by Scibona ; seem somewhat higher.
Several workers including Fomin and Potapova and Vdovenko et a l . ^ ° “^
have shown, using cryoscopic methods, that the average aggregation number
of triallcylamine n itra te s  including tri-n-octylam ine in benzene and xylene
does not exceed three; the trimer predominating in the concentration range
between 0 .3  -  0 . 8M, a ft e r  which any increase in the solute concentration
lowers the degree of aggregation and in an a>1 . 5M solution the s a lts  are
(128 )
dimeric. However, the lig h t-s c a tte r in g  data of Scibona and Higuchi
et a l . i n d i c a t e  a large aggregate containing s ix ty  monomers for the 
same system. The two-phase e.m .f. t itr a t io n  measurements of Hbgfeldt et al.-
a g g r e g a tio n  number o f  ^6 in  m -xylene and 9>2.5 in  o -x y le n e  fo r  TLA-HNO^
system  (114) ,  whereas fo r  th e  same system  in  n -o c ta n e  and n -dodecane(116)
a h igh er  average a g g reg a tio n  number o f  >30 i s  ob ta in ed . In the case  o f
system s in  aromatic d i lu e n t s  a la r g e  aggrega te  co n ta in in g  >30 monomers 
1122)has been d e tec te d
Fomin and Potapova f who s tu d ie d  the  aggrega tion  o f  s e v e r a l  
t r ia lk y la m in e  s a l t s ,  in c lu d in g  t r i - n - o c t y la m in e  h yd roch lor id e , found th at  
th e  aggregation  of  t h i s  s a l t  in  benzene p a s s e s  through a maximum as i t s  
c o n c e n tr a t io n  in c r e a s e s ,  and i t  i s  a t  most d im er ic .  D i- iso -n on y lam in e  
(DINA) h ydroch lor ide  in  ch loroform , however, has been found to  be
o n ly  dimeric and no e v id en ce  o f  a monomer could be found in  the c o n cen tra t io n  
range s tu d ied  ( 0 .0 0 6 - 0 ,3M). On the  o th er  hand, Casey e t  a l .  
e xp la in ed  t h e ir  e x tr a c t io n  data on d ilau ry lam in e  h ydroha iides  in  chloroform  
by assuming monomer-dimer e q u i l i b r ia  in  the  organ ic  phase.
(35)From d i s t r i b u t io n  d a ta , Kojima e t  a l .  found th a t  on ly  two
complexes T0A-HC1 and (T0A~HC1)2 are  formed in  the TOA-HC1-benzene system
in  the  low a c i d i t y  range (<0.001 M HC1). For the  same system  , A gu ilar  and 
(38)H bgfeld t  ex p la in ed  t h e i r  two-phase e .m . f .  t i t r a t i o n  r e s u l t s  by
assuming the presen ce  in  the  organ ic  phase o f  the  s p e c ie s  (TOA.HCl)^, where
i  = 1 ,2  and 5. S im i la r ly ,  Muhammed and Vieux et  a l .  (4^) showed
th a t  the s p e c ie s  R^N.HCl and (R^N.HCl^ e x i s t  in  TLA-HC1-benzene and
TlOA-IiCl-benzene (x y le n e  or carbon t e t r a c h lo r id e )  system s. In d i lu e n t s  w ith
h igh er  d i e l e c t r i c  c o n s ta n ts  ( fo r  example ch loroform ), however, on ly
(42)monomers were found m  th e  TI0A-HC1 system s up to  O.lM.
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( 1 1 4 ,1 1 6 ,1 2 2 ) i n d i c a t e  th e  p r e s e n c e  o f  th e  s p e c i e s  w i th  an a v era g e
(19 30 131)Osmometric measurements * ’ , in  wet ch loroform , benzene
and o th e r  s o l v e n t s ,  o f  t r i la u r y la m in e  (TLA) hydrohalides  have been made 
which show th a t  the  average a g grega tion  number o f  t r i la u r y la m in e  
h yd roh a lid es  in c r e a s e s  w ith  d e c r ea s in g  d i e l e c t r i c  co n sta n t  o f  the s o lv e n t s  
the  average a g g r e g a t io n  number o f  th e  c h lo r id e  s a l t  in  ch loroform , benzene
carbon t e t r a c h lo r id e  and cyclohexane i s  1 .0 0 ,  1 .4 7 ,  2 .2 0  and 2 .8 5 ,
• ■, (30) TT . . . cc  n (1 0 7 ,1 2 6 -1 2 7 ,r e s p e c t i v e l y  . U sing d i f f e r e n t  tec h n iq u es ,  o th er  workers
X 32 1135) have a l s o  e s ta b l i s h e d  the  e x i s t e n c e  o f  a monomer-dimer
e q u il ib r iu m  fo r  t r i la u r y la m in e  and t r i - n -o c t y la m in e  h y d ro ch lo r id es  in
benzene. I t  i s  worth n o t in g  t h a t ,  the  behaviour o f  primary, secondary,
t e r t i a r y  and quaternary laurylam ine h ydroch lor ide  and hydrobromide in
benzene and t o lu e n e  i n v e s t ig a t e d  by d i f f e r e n t  methods, in c lu d in g  vapour
p r e ssu re  osmometry, has shown a smooth c o n t in u ity  in  the measured
(1 36)
p r o p e r t ie s  o f  t h e s e  s o lu t io n s  as a fu n c t io n  o f  c o n c e n tr a t io n  
This i s  in te r p r e te d  in  terms o f  p r o g r e s s iv e  p o ly m er iza t io n  o f  the amine 
s a l t s  ( X3^  ra th er  than in  terms o f  monomer-micelle e q u i l i b r ia  
f a m i l ia r  in  aqueous s o lu t io n s  and a p p lied  by some au th o rs .
The ag g reg a tio n  o f  tr ia lk y la ra in e  hydrobromide, hyd r iod id e  and 
h y d r o f lu o r id e  has a l s o  been s tu d ie d  (2 0 » 3 0 ,4 7 ,4 9 ,1 1 9 ,1 2 7 ,1 3 3 )^  Mu n e r (20)
and Mliller and D i a m o n d i n  t h e ir  s tu d ie s  on the  e x tr a c t io n  of  
h y d ro h a lic  a c id s  by t r i la u r y la m in e ,  u s ing  osmometry tech n iq u e ,  
in v e s t i g a t e d  t h e i r  a g g reg a tio n  behaviour in  d i f f e r e n t  d i lu e n t s  and the  
average a g g r e g a t io n  numbers found fo r  TLA.HBr and TLA.HI were 
r e s p e c t i v e l y ,  1 .01  and 1 .02  in  ch loroform , 1 ,65  and 1 .74  in  benzene, 2 .20  
and 2 .87  in  carbon t e t r a c h lo r id e  and 3 .56  and 4 ,5 0  in  cyc lohexane . These 
r e s u l t s  imply the  presen ce  o f  o n ly  monomers o f  th e se  s a l t s  in  chloroform ,
30
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Using the same tec h n iq u e ,  th e  e x i s t e n c e  o f  dimers and tr im ers  in  benzene
(20 30)w h i l e  m  th e  o th e r  s o l v e n t s  th e y  a r e  somewhat a g g re g a ted
and dimers and tetram ers in  cyc lohexane  are in d ic a te d  fo r  th e  TLA.HBr
s a l t  ^
(133)
(127) . The r e s u l t  o b ta in ed  f o r  the benzene system has been confirmed
The e .m . f .  t i t r a t i o n  techn iqu e  in d ic a t e s  the  e x is t e n c e  o f  the  
s p e c ie s  (TLA.HBr)^, where i  = 1 ,2 ,3  and 30 in  o - x y l a n e ^ ^ ,  and 
( T L A ,H I ) w h e r e  i  = 1 ,3  and 90 in  o - x y l a n e ^ " ^ . Trinonylamine  
h y d r o f lu o r id e  has been found to  be monomeric in  benzene ,
Among o th er  a c id s ,  the  a g g r e g a tio n  behaviour o f  tr ia lk y la m in e  
s a l t s  o f  p e r c h lo r i c ( 5 5 ,8 9 >119>123 -1 2 4 >127) 1 3 3 ,1 3 7 -1 4 0 )> t h io c y a n i c ( 2 0 ,3 0 ) _
a c e t i c t r i c h l o r o a c e t i c  and phosphoric a c id s  has been
in v e s t ig a t e d  to  a l e s s e r  e x te n t .  The p e r c h lo r a te  s a l t  o f  t r i - n -o c t y la m in e
in  benzene i n v e s t ig a t e d  by c r y o sc o p ic  and e b u l l i o s c o p ic  methods was found
(55)
to  be h ig h ly  aggregated  . Furthermore, i t s  degree o f  aggrega tion
p a sse s  through a maxiumum a t  ^0.5M, at which the average aggrega tion  number
(139)i s  9. Mrnlca and Celeda found th a t  the  t r i - n -o c t y la m in e  p e r c h lo r a te
s p e c ie s  e x tr a c ted  in to  th e  benzene s o lu t io n s  o f  t r i - n -o c t y la m in e  from 
aqueous s o lu t io n s  o f  p e r c h lo r ic  a c id  c o n ta in in g  <7M, when no e x tr a c t io n  of  
e x c e ss  acid o c c u r s ,  e x i s t  in  the form o f  s i x  member r in g s  o f  dimer d ih yd ra te
( 1 .2 .1 )  and trim er ( 1 .2 .2 )  s p e c i e s .
W ith  d ecrea s in g  the  a c t i v i t y  o f  w ater , namely w ith  in c r e a s in g  the
co n c e n tr a t io n  o f  p e r c h lo r ic  ac id  in  the aqueous phase, the  c o n cen tra t io n
o f  dimer d ihydrate  s p e c ie s  ( 1 . 2 . 1 )  d ec r ea se s  and the  c o n cen tra t io n  o f
tr im er  s p e c ie s  ( 1 . 2 . 2 )  in c r e a s e s .  Using the  two-phase e .m .f*  t i t r a t i o n
(119)tec h n iq u e ,  the  d i s t r i b t u io n  data ob ta in ed  fo r  the  T0A-HC10^ - o -x y le n e
(119 124)and TLA-HC10^-o-xylene * system s have been exp la in ed  by assuming
the occurrence o f  monomers, d im ers, octamers and very la r g e  aggregates
c o n ta in in g  n in e ty  monomers in  the  organ ic  phase. For the  system  TLA-
HClO^-n-dodecane, the  e x i s t e n c e  o f  monomer, dimer and octamer s p e c ie s
(119 123—124)e x p la in s  the  experim ental data * , The osmometric techn ique
(127)o f  ^Markovits and K ertes confirm s the  presence  o f  dimer and octamer
s p e c ie s  o f  t r i la u r y la m in e  p e r c h lo r a te  in  benzene and cyc lohexane .
However, a computer e v a lu a t io n  o f  the  aggregation  e q u i l i b r i a ,  i n v e s t ig a t e d
by osmometric methods»shows a dodecamer s p e c ie s  in  a d d it io n  to the dimer
(133 >138)and octamer in  the  TLA-HC10^,~benzene system  ’ . T r ilau ry lam ine
p e r c h lo r a te  in  n i tr o b e n z e n e  e x i s t s  mainly as d i s s o c ia t e d  TLAH+ and
CIO  ^ i o n s ,  whereas in  ch lorobenzene and o—dich lorobenzene  i t  e x i s t s  as
. . + — (89)a s im ple  lo n -p a ir  TLAH CIO  ^ v .
T r ilau ry lam in e  th io c y a n a te  has been found to  be monomeric in  
c h lo r o fo r m ^ 0 ’ 3°^ and i t s  average aggrega tion  numbers in  benzene, carbon 
t e t r a c h lo r id e  and cyc lohexane  are 1 .6 5 ,  2 .20  and 3 .8 5 ,  r e s p e c t iv e ly ^ 30^. 
F i n a l l y ,  in  the e x t r a c t io n  of m alonic and t a r t a r i c  a c id s  by primary 
am ines, such as t r i s ( i s o p e n t y l )  methylamine in  o - x y le n e ,  th e  assumption  
o f  a tr im er fo r  th e  malonate and a dimer fo r  the  ta r t j lr a te  system s f i t s  
the  d i s t r i b u t io n  d a t a ^ 4^ \
I t  i s  i n t e r e s t i n g  to  n o te  th a t  a comparison o f  the  aggrega tion
data obta in ed  in  dry and wet system s,under o th erw ise  i d e n t i c a l  c o n d i t io n s ,
su g g e s t  th a t  the  c o e x tr a c te d  water does not p lay  a d e c i s i v e  r o le  in  the
ag grega tion  o f  amine s a l t  and th ere  i s  ev id en ce  to  show th a t  the presen ce
o f  water does not  s i g n i f i c a n t l y  a f f e c t  the aggrega tion  o f  a t  l e a s t
(142)tr i la u r y la m in e  h y d ro ch lo r id e  (TLA.HC1) in  benzene and to lu e n e  ,
/  r n  -I / n \
though G ourisse  * c la im s th a t  in  the case  o f  t r i la u r y la m in e
n i t r a t e  the p resen ce  o f  water lowers the e x te n t  ( i . e . ,  the  number o f  
aggregated  u n i t s )  o f  a g g r e g a t io n .
The a v a i la b le  in form ation  lea d s  to  s e v e r a l  g e n e r a l i z a t io n s  
concerning many f a c t o r s  a f f e c t i n g  the degree and/or e x te n t  o f  
aggregation  o f  a lky lam ine  s a l t s  in  organ ic  d i lu e n t s :
a) The most important parameters a f f e c t i n g  both the  degree  and 
e x te n t  o f  a g g r e g a t io n  are the nature  and s o lv a t io n  power o f  the
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organ ic  d i lu e n t .  Aromatic d i lu e n t s  due to  t h e i r  TT e le c t r o n s  and
•  4 a . s  . a acarbon t e t r a c h lo r id e  due to  i t s  Cl -  C bonds e x h ib i t  h igh er  s o lv a t io n
(144)powers than a l i p h a t i c  hydrocarbons . The way s o lv a t io n  a f f e c t s  
the  aggrega tion  o f  amine s a l t s  i s  through a s o lu t e - s o l v e n t  in t e r a c t io n  
le a d in g  to a s h i e ld in g  o f  th e  h igh  d ip o le  moment o f  the  i o n -p a ir ,  
s t a b i l i z i n g  i t  and in c r e a s in g  th e  c o m p a t ib i l i ty  o f  the  p o la r  monomer 
w ith  th e  s o l v e n t ^ 0 . In p o la r  s o lv e n t s  o f  h igh  d i e l e c t r i c  con stan t  
( fo r  example a l c o h o l s )  th e  e f f e c t  o f  th e  s o lv a t io n  i s  even more 
apparent due not o n ly  to  t h e i r  h igh  s o lv a t io n  power, but form ation o f  
s p e c i f i c  s o lv a t e s  w ith  th e  amine i o n - p a i r s ^ ^ , '*’<^  147)  ^ a l i p h a t i c  
hydrocarbons, on the  o th e r  hand, the  complete la ck  o f  s o lv a t io n  power 
w i l l  f a c i l i t a t e  the  form ation  o f  aggrega tes  and t h e i r  growth. A ggregation  
in c r e a s e s  w ith  d e c r ea s in g  d i e l e c t r i c  constan t o f  the  s o lv e n t  in  th e  
order n itrob en zen e  < ch loroform  < benzene < xy len e  < carbon t e t r a c h lo r id e  
< cyclohexane < a l i p h a t i c  hydrocarbons(®»20»42)^
b) I n c r e a s in g  the  c h a in - le n g t h  in  a homologous s e r i e s  o f  a
g iven  c l a s s  o f  amine s a l t s  favou rs  the e x te n t ,  though not the  d egree ,
o f  a g g r e g a t io n ,  but on ly  up to  a c e r t a in  number o f  carbon atoms in  the
c h a in , a f t e r  which th e  o p p o s i te  seems to  be t r u e ^ , “^ , ' ^ , ‘^ ' ^ . This
s t r u c t u r a l  e f f e c t  upon a g g r e g a t io n  i s  c l o s e l y  r e la t e d  to  th e  in f lu e n c e  
m
o f  s i z e  and symmetry upon th e  d ip o le  mement o f  the  amine s a l t s .  The
aggrega tion  o f  a lky lam ine  s a l t s  in c r e a s e s  w ith  d ecrea s in g  s u b s t i t u t io n
(8 13 79- 8Oon the  n i tr o g e n  in  the  order t e r t i a r y  < secondary < primary ’ * 9
146 ,148)
c) For a g iven  d i lu e n t  and alkylammonium c a t io n ,  th e  aggrega tion  
o f  an amine s a l t  depends on th e  anion  o f  the  io n -p a ir .  For in s ta n c e ,
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th e  a g g r e g a tio n  o f  b i s u lp h a te  and p e r c h lo r a te  s a l t s  are more pronounced 
than th a t  o f  c h lo r id e  and n i t r a t e  s a l t s  The e x te n t  and roughly
th e  degree  o f  aggrega tion  o f  amine s a l t s  w ith  th e  same ammoylnium c a t io n
in c r e a s e s  in  the  order j 
( 2 0 ,3 0 ,4 9 ,7 9 - 8 0 ,8 9 ,1 3 2 )
F < Cl < Br s=* SCN < N0„ < I  < CIO, < HSO,3 4 4
d) Both th e  degree and e x te n t  o f  a g grega tion  o f  alkylam ine s a l t s  
depend on th e  c o n c e n tr a t io n  of  th e  s o lu t e  in  non -p o lar  s o lv e n t s ,  w ith  
in c re a se d  ag g reg a tio n  a t  h igh er  c o n c e n tr a t io n s .
e) As could be ex p e c te d ,  th e  degree  and c e r t a in ly  the e x te n t  o f  
a g g r e g a tio n  o f  amine s a l t s  i s  lower a t  h igh er  tem p eratu res( ^ 3 2 ,1 3 4 )^
o
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S o lu t io n s  o f  amine s a l t s  in  organ ic  d i lu e n t s  have been found to  
a c t  as ' l i q u i d  anion exchangers' in  th a t  the anion o f  th e  amine s a l t  can 
be exchanged fo r  another  anion from th e  aqueous phase , fo r  example
b(R3N+H A“ ) + Bb~ ^ - r ^  (R3N+H)bBb" + bA_ ( 1 .3 .1 )
where Bb r e p r e s e n ts  any anion in c lu d in g  such complex m e ta l -c o n ta in in g
2- -  
anions as UC^CSO^^ or FeCl^.
( 1 . 3 .1 )  Anion Exchange E x tr a c t io n  o f  Simple Anions:
( 1 . 3 )  Anion Exchange R e a c t io n s  by A lk y lam ine  S a l t s :
Due to  t h e i r  importance in  r e l a t i o n  to  an understanding o f  the
e x tr a c t io n  o f  m eta ls  by amines ( se e  s e c t io n  1 . 3 . 2 ) ,  the  anion exchange
e x tr a c t io n  o f  s im ple  an ions has r e c e iv e d  c o n s id er a b le  a t t e n t io n .  Through
the  e x tr a c t io n  o f  s im p le  a c id s  as d escr ib ed  in  s e c t i o n  ( 1 . 1 ) ,  one can
o b ta in  a sequence o f  in c r e a s in g  e x t r a c t a b i l i t y  fo r  an ions o f  d i f f e r e n t
a c id s  ( s e l e c t i v i t y  se q u e n c e ) .  However, the  ' s t r a ig h t - fo r w a r d '  anion
(22 149—158)exchange e q u i l i b r ia  o f  a lky lam ines  have been s tu d ie d  *
Invanov e t  a l . (22 ,149  151) ^ave s tu d ie d  the anion exchange
e x tr a c t io n  o f  a la rg e  group o f  s in g ly  charged, doubly charged and
co -o rd in a ted  an ions by t e t r a a I k y 1ammonium s a l t s  in  organ ic  s o lv e n t s  and
determined a q u a n t i t a t i v e  in c r e a s in g  e x t r a c t a b i l i t y  s e r i e s  fo r  t h e s e  a n io n s .
The anion exchange e x t r a c t io n  c o n s ta n ts  o f  0.1M potassium  s a l t s  o f
d i f f e r e n t  monobasic a c id s  w ith  0.1M tetraoctylammonium c h lo r id e  
+ —
( (C g H ^ )4N Cl ) s o lu t i o n s  in  to lu e n e  in c r e a s e  in  th e  order:
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OH < F < CH3C00 < HC03 < HCOO < CH^H^OO < CH3 (CH2 >2COO < HS
< HSO~ < CH3 (CH2 ) 3COO~ < Cl" < CH3 (CH2 ) 4C00" < CH3 (CH2) 5COO" < Br"
< C.H_COO" < CHo (CH.)£C00" < NO" < CH (CH0) _ COO" < l “ < CH0 (CH_)QCOO"
D j  j  A o J  J  A /  J  A O
< cioT.4
The doubly charged anions are e x tr a c te d  in  the order:
2- 2- 2- 2-C0o < SO, < WO, < MoO,3 4 4 4
These authors e s t a b l i s h e d  a l in e a r  r e l a t i o n  between the hydration
e n e r g ie s  o f  in organ ic  anions and the  logarithm s o f  th e  anion exchange
(22 151)e x tr a c t io n  c o n sta n ts  ’ . Furthermore, a l in e a r  c o r r e la t io n
between the e x t r a c t a b i l i t i e s  o f  in o r g a n ic  anions and the  s tr e n g th  of  
the  corresponding a c id s  was o b ta in ed .
S ta r o b in e ts  e t  a l . ^ ~ ^  s tu d ie d  the  anion exchange p r o p e r t ie s  o f  
dioctyldibutylammoniuin (DODBA) and trioctyloctadecylam m onium  (TOODA) 
a -d in it r o p h e n o la te s  (ot-DN4>) in  t o lu e n e - h e p t y l  a lc o h o l  m ixtures o f  
v a r iou s  com p osit ion s .  The anion exchange e x tr a c t io n  o f  the anions  
s tu d ie d  in crea sed  in  the  order:
Cl" < Br" < N03 < CIO" < i ” < SCN" < C10~ < ct-DN<b"
The ion  exchange e x tr a c t io n  e q u i l i b r i a  of  d i f f e r e n t  anions w ith  
h igh -m olecu lar -w e igh t  secondary and t e r t i a r y  amine s a l t s  have a l s o  
been studied^"*4 158)^ d i s t r i b u t i o n  o f  perrhenate  ion  (ReO^)
between carbon t e t r a c h lo r id e  s o lu t i o n s  o f  trilaurylammonium c h lo r id e ,  
bromide, n i t r a t e  and p e r c h lo r a te  s a l t s  and aqueous s o lu t io n s  o f
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l i th iu m  s a l t s  o f  c h lo r id e ,  bromide, n i t r a t e  and p e r c h lo r a te ,  as w e l l  
as  the d i s t r i b u t i o n  o f  bromide ion  between carbon t e t r a c h lo r i d e  s o lu t io n  
o f  trilaurylammonium c h lo r id e  and aqueous l i th iu m  c h lo r id e  s o lu t i o n ,  
have been s tu d ie d  , To d e s c r ib e  the  ion  exchange d i s t r i b u t io n  o f  
th e  perrhenate  ion  between the  amine s a l t s  and aqueous s o l u t i o n s ,  the  
form ation  o f  mixed dimers in  the  organic  phases had to  be c o n s id ered .
The b rom id e-ch lor id e  system , however, was in te r p r e te d  by u s in g  a 
s im ple  m a ss -a c t io n  law. The fo l lo w in g  s e l e c t i v i t y  order was found fo r  
th e  anions s tu d ie d  s
Cl" < N0_ < Br” < CIO? < ReOT 3 4 4
In 1967, Kohara and S a ito  s tu d ied  the  anion exchange  
e x tr a c t io n  e q u i l i b r i a  between n i t r a t e  and h a l id e  i o n s ,  c h lo r id e ,  bromide 
and io d id e ,  w ith  ch loroform  s o lu t io n s  of  t r i - n -o c t y la m in e  (0.1M) 
from a c id ic  media. By u s in g  a m odified  form o f  A rgensinger  theory  
f o r  ion  exchange e q u i l i b r i a ,  the  thermodynamic e x tr a c t io n  
eq u il ib r iu m  c o n s ta n ts  (Cl < Br < NO^  < I  ) ,  as  w e l l  as th e  a c t i v i t y  
c o e f f i c i e n t s  o f  th e  amine s a l t s  in  the  organ ic  phase , were c a lc u la t e d .  
The a c t i v i t y  c o e f f i c i e n t s  in  the organic  phase o f  th e  h a l id e  s a l t s  of  
t r i - n - o c t y la m in e  were found to  be c lo s e  to  u n i ty .  In a d d i t io n ,  i t  
was observed th a t  th e  f r e e  energy change a s s o c ia t e d  w ith  the  h yd ra t ion -  
dehydration  o f  th e  an ions in  th e  exchange p rocess  i s  more s i g n i f i c a n t  
than the  e l e c t r o s t a t i c  f r e e  energy change fo r  th e  exchange o f  anions  
in  the  organ ic  phase .
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Using the  c h lo r id e  s a l t  o f  A m b e r li te  LAII (a secondary amine) 
in  d i f f e r e n t  s o lv e n t s  in c lu d in g  benzene, Kataoka e t  a l . h a v e  
s tu d ied  the  exchange o f  c h lo r id e  ion  fo r  n i t r a t e ,  a c e t a t e  and su lp h a te  
ion s  a t  20-30°C. They observed th a t  the  anion exchange e q u i l i b r ia  
could be expressed  by th e  a p p l i c a t io n  o f  the  m a ss -a c t io n  law. However, 
in  the  c h l o r i d e - a c e t a t e  system s the  f r e e  amine c o n c e n tr a t io n  in  the  
organ ic  phase as  w e l l  as  th e  sim ple d i s s o l u t io n  o f  a c e t i c  ac id  in  the  
d i lu e n t  had to  be taken in to  accou n t.  In the  c h lo r id e - s u lp h a te  system ,  
on the o th er  hand, th e  d i s s o c i a t i o n  of th e  su lp h ate  s a l t  (ZnSO^) in  the  
aqueous phase was taken in t o  account. The in c r e a s e  in  tem perature was 
found to  have a s l i g h t  d e c r ea s in g  e f f e c t  on th e  anion exchange 
eq u ilib r iu m  c o n s ta n t s .  *
D e sp ite  th e  s a t i s f a c t o r y  r e s u l t s  obta in ed  fo r  th e  above system s,  
S e r g ie v s k i i  e t  in  t h e i r  s tu d ie s  o f  the  anion exchange
e x tr a c t io n  o f  c h lo r id e  ion  by benzene s o lu t io n s  o f  tri-n-octylam m onium  
su lp h ate  (0 .0 5  and 0 .10M ), had to  use  the  a c t i v i t y  c o e f f i c i e n t s  o f  the  
s p e c ie s  both in  the  aqueous and organ ic  phases to  be a b le  to  o b ta in  
in v a r ia n t  anion exchange e q u i l ib r iu m  c o n s ta n ts .  They concluded t h e ir  
experim ental r e s u l t s  by r e l a t i n g  th e  changes in  the  v a lu e s  of th e  
apparent e q u i l ib r iu m  c o n s ta n ts  to  the  a s s o c i a t io n  o f  tri-n-octylam m onium  
c h lo r id e  s a l t  in  th e  organ ic  phase .
( 1 .3 .2 )  E x tr a c t io n  o f  M etals  by Amines and Their S a l t s ;
Follow ing  the  in tr o d u c t io n  o f  c a t i o n i c  a lkylam ine e x tr a c t in g  
reagen ts  by Smith and P a g e ^ 0  ^ in  1948, a wide range of  amines have 
been s tu d ied  by r e se a r c h  groups a t  th e  Oak Ridge N at ion a l  L ab orator ies
(ORNL) p a r t i c u l a r ly  f o r  i n d u s t r i a l  uranium recovery  . These compounds 
a re  a l l  known as l iq u id  anion exchangers, because  they  form io n -p a ir s  
w ith  exchangeable a n io n s ,  in c lu d in g  a n io n ic  m etal com plexes, which are  
s o lu b le  in  organ ic  s o lv e n t s  ( s e e  r e a c t io n  1 . 3 . 1 ) .
T r i-n -o c ty la m in e  d i s s o lv e d  in  kerosen e  i s  now th e  p r in c ip a l
(159)e x tr a c ta n t  fo r  uranium recovery  from su lp h u r ic  a c id - le a c h e d  ores  
and the  same or o th er  amines are in c r e a s in g ly  used in  th e  sep a ra tio n  
o f  a c t i n i d e s  from f i s s i o n  products^**0 . The techn iqu e  employed i s  
alm ost i d e n t i c a l  w ith  th a t  o f  th e  recovery  o f  uranium by means o f  the
/‘•j \
quaternary ammojinium anion exchange r e s i n s  . The uranium p resen t
in  an a c id  su lp h ate  lea c h  l iq u o r ,  as th e  complex uranyl su lp h ate  
a n io n ,  i s  brought in to  co n ta c t  w ith  th e  l iq u id  anion exchanger  
d is s o lv e d  in  a s o lv e n t  and i s  recovered  from th e  sa tu ra te d  organ ic  
phase by s tr ip p in g  w ith  v a r io u s  s a l t  s o lu t io n s  or an aqueous s o lu t io n  
o f  sodium carbonate. The uranium recovery  can a l s o  be done from 
c o n cen tra ted  h y d ro ch lo r ic  ac id  s o l u t i o n s .  For good r e c o v e r ie s ,  the  
uranium i s  e x tr a c te d  from 6-12M h y d r o c h lo r ic  ac id  s o l u t i o n s ,  and s in c e  
th e  uranyl c h lo r id e  complex i s  u n s ta b le  a t  low c h lo r id e  c o n c e n tr a t io n s ,  
th e  uranium may be recovered  from th e  organ ic  phase by e x tr a c t io n  w ith  
w a ter .
I t  i s  i n t e r e s t i n g  to  n o te  th a t  e x tr a c t io n  w ith  lo n g -c h a in  amines 
can be d escr ib ed  e q u a l ly  w e l l  as an e x tr a c t io n  o f  n e u tr a l  s p e c ie s  or an
/•j /*n\
exchange o f  io n s ,  as ex p la in e d  by Coleman . However, w ith  knowledge
o f  the  predom inating s p e c ie s  in  th e  two phases a c h o ice  can be made.
(125) . . 2+For in s ta n c e ,  i t  i s  known th a t  z in c  e x i s t s  m ainly as Zn ion  m
s o lu t io n s  w ith  a sm all c h lo r id e  c o n te n t ,  whereas at h igh  c h lo r id e
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(9)
c o n c e n tr a t io n s  i t  e x i s t s  m ainly as ZnCl^ ion; in  the  organ ic  phase
2-
z in c  i s  p resen t  e x c lu s i v e ly  as ZnCl^ . With t h i s  in form ation  at  hand, 
th e  f o l lo w in g  e q u i l i b r i a  could be form ulated:
For [Cl"] < 0.4M:
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2 -  .
Zn2+ + 2C1 + 2R3NHC1 ± (R3NH>2ZnCl4 ( 1 .3 .2 )
For [Cl ] > 4M:
ZnCl2" + 2R3NHC1 (R3NH)2ZnCl4 + 2Cl“* ( 1 .3 .3 )
- 2In r e a c t io n  ( 1 ,3 .2 )  the  d i s t r i b u t io n  of  z in c  in c r e a s e s  w ith  [Cl ]
 2
and w ith  [R3NHC1] , whereas in  r e a c t io n  ( 1 .3 .3 )  i t  d e c r ea se s  w ith  
[Cl ] 2 but s t i l l  in c r e a s e s  w ith  [P^NHCl]2 . R eaction  ( 1 .3 .2 )  can be 
regarded as e f f e c t i v e l y  being the  e x tr a c t io n  of n e u tr a l  ^ ^ 2  * w h ile
r e a c t io n  ( 1 .3 .3 )  r e p r e se n ts  an ion  exchange o f  two c h lo r id e  ion s  fo r  one
2- .ZnCl, io n ,4
The e x tr a c t io n  o f  m etal complexes by amines depend^ on two main
f a c t o r s :  the  complex form ation  in  the  aqueous phase and the  nature o f
the  amine and th e  d i lu e n t  in  th e  organ ic  phase, a lthou gh  in  q u i t e  a
few c a ses  the  e x i s t e n c e  o f ,  fo r  example an e x tr a c t a b le  c h lo ro m eta la te
anion in  the  aqueous s o lu t io n  i s  not n e c e s s a r i ly  a p r e r e q u is i t e  fo r  the
e x tr a c t io n  o f  th e  m etal to occur. S p ec tro sco p ic  e v id en ce  has been
p resen ted  to  show th a t  s e v e r a l  t e r v a le n t  a c t i n i d e s  are in
2+the form o f  c a t i o n i c  s p e c ie s  MCI even m  concentra ted  aqueous 
l i th iu m  c h lo r id e  s o l u t i o n s ,  whereas a n io n ic  complexes p r e v a i l  in  the  
e x tr a c t  ( U 2 ’ 1 6 3 ) .
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As fo r  the  amine s t r u c t u r e ,  i t  i s  apparently  a gen era l  phenomenon 
th a t  the e x t r a c t iv e  power o f  th e  alkylam ines in c r e a s e s  from primary to  
secondary to  t e r t i a r y  to  quaternary amines This i s  assumed to be
due to  the f a c t  th a t  th e  primary and secondary amines are more b a s ic  
and th e r e fo r e  bind the  ac id  more s t r o n g ly ,  thus making i t  more 
d i f f i c u l t  fo r  th e  m eta l complex to  r e p la c e  th e  anion in  the  primary 
and secondary amines. A n o ta b le  ex c ep tio n  to  t h i s  i s  perhaps the  
e x tr a c t io n  by bulky am ines, where s t e r i c  f a c t o r s  p lay  a predominating  
r o l e .  Another e x c e p t io n  i s  th e  e x tr a c t io n  from su lp h ate  s o lu t io n s  
where the  primary and secondary amines' e x t r a c t iv e  c a p a c i t i e s  are  o f  
comparable magnitude or f r e q u e n t ly  h igher  than the t e r t i a r y  and 
quaternary a m i n e s 168)^ ^  exp la n a tio n  f o r  t h i s  i s  th a t  the
extrem ely bulky su lp h a te  complexes and the t e r t i a r y  and quaternary  
amines form a complex w ith  charges too  fa r  apart to  make a good 
io n -p a ir .  The e f f e c t  o f  th e  a lk y l  c h a in - le n g th  on the  e x t r a c t iv e  power 
o f  the  amines has a l s o  been s tu d ie d  fo r  s e v e r a l  s y s t e m s 169)  
Under usual experim enta l c o n d i t io n s  i t  appears th a t  fo r  t e r t i a r y  am ines, 
the  optimum number o f  carbon atoms i s  e ig h t  per cha in . Further  
in c r e a se  in  the  c h a in - le n g t h  or branching d ecrea ses  the  e x t r a c t iv e  
c a p a c ity  of th e  amine perhaps due to  s t e r i c  in t e r f e r e n c e .
I t  has been shown th a t  th e  c a p a c ity  o f  m etal s a l t s  fo r  e x tr a c t io n  
by l i k e  s a l t s  o f  amines from s o lu t i o n s  o f  d i f f e r e n t  a c id s  depends on 
the n u c le o p h i l i c  n ature  o f  the  main a n io n - l ig a n d  of  the  system , which  
forms part o f  the  com p osit ion  o f  the  ac id  as w e l l  as th a t  o f  the m etal  
s a l t  and the  amine s a l t ^ 70\  In f a c t ,  i n v e s t i g a t i o n s  o f  the e x tr a c t io n  
o f  plutonium (IV ) , neptunium (IV) and uranium (VI) from s o lu t io n s  of
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d i f f e r e n t  a c id s  by s o lu t io n s  o f  the corresponding amine s a l t s  have 
shown^1 0^ th a t  the  logarithm s o f  th e  e x tr a c t io n  co n sta n ts  o f  th e se
e lem ents  in c r e a s e  l i n e a r l y  w ith  an in c r e a s e  in  the  parameter H?
c h a r a c te r iz in g  the b a s i c i t y  or n u c l e o p h i l i c  n a t u r e ^ 22\  o f  the main 
a n io n - l ig a n d  o f  the  system s i n v e s t i g a t e d .
As mentioned e a r l i e r  ( se e  s e c t io n  1 . 2 ) ,  a lkylam ine s a l t s  tend
to  aggregate  in  the  organ ic  phase , p a r t i c u l a r ly  when the  d i lu e n t  has a
r e l a t i v e l y  low d i e l e c t r i c  c o n s ta n t .  These aggregates  seem to  behave
l i k e  m onofunctional s p e c i e s ,  each exchanging on ly  one an ion , as suggested
by Marcus Because o f  t h i s  c o m p lic a t io n ,  attem pts have been made to
take the a g g reg a tio n  o f  amine s a l t s  in to  account when form ulating
r e a c t io n s  fo r  metal e x t r a c t i o n ^ ^ ’ 174)^ Using d i f f e r e n t  methods,
in c lu d in g  ab sorp tion  sp e c tr o sc o p y ,  some in s ig h t  has been gained about the
s p e c ie s  p resen t  in  the  organ ic  phase . Considering some metal complexes
(29 175-182)i d e n t i f i e d  in  amine phases * , i t  seems th at  the  organ ic  phase
p r e fe r s  the  most h ig h ly  c o -o r d in a te d  complex. T h erefore ,  one can use  
the  r e s u l t s  o f  numerous complex chem istry  s tu d ie s  in  aqueous s o lu t io n s  in
p r e d ic t in g  the s p e c ie s  to be expected  in  the organ ic  phase . Lindenbaum
(175) . . . 2 +and Boyd i l l u s t r a t e d  th a t  in  the e x tr a c t io n  o f  Ni from 13M l ith iu m
c h lo r id e  s o lu t io n s  by tri-n-octylam m onium  c h lo r id e  in  to lu e n e ,  the
. 2- spectrum o f  the  e x tr a c te d  s p e c ie s  corresponded to  NiCl^ , w h ile  no
2-s p e c tr o s c o p ic  ev id en ce  o f  NtCl^ was found m  the  aqueous phase. This 
i s  ex p la in ed  by c o n s id e r in g  r e a c t io n s  such as ( 1 . 3 . 4 )  and ( 1 . 3 . 5 ) ,  in  
which the  h ig h e s t  complex i s  formed in  the  organic  phase:
N i2+ + 2C1~ + 2R3NHC1 s = = i  (R3NH)2 N iC l4 ( 1 .3 .4 )
NiCl+ + Cl" + 2R0NHC1 (R0NH)0 NiCl, ( 1 .3 .5 )
3 3 2 4
hh
E s s e n t i a l l y ,  compounds o f  e lem ents o f  the whole p e r io d ic  ta b le  
have been surveyed to  examine t h e i r  behaviour in  the  f i e l d  o f  amine 
e x t r a c t i o n ( *^60 . ,162,183 184)^ a rui e> the  a c t i n i d e s  are more e f f e c t i v e l y
e x tr a c ted  by t e r t i a r y  and quaternary amines than by primary and secondary  
amines and by comparing t h e i r  e x t r a c t a b i l i t i e s  i t  i s  found th a t
the  t e r v a le n t  a c t i n i d e s  are  p oor ly  e x tr a c te d  by a l l  c l a s s e s  o f  amines 
under ordinary  c o n d i t io n s .  However, a t  very  h igh c h lo r id e  and n i t r a t e  
c o n c e n tr a t io n s  in  th e  aqueous phase , t e r t i a r y  and quaternary amines 
e x tr a c t  many t e r v a l e n t  a c t in id e s  q u i t e  w e l l ^ 8"^, M o o re^ 8^  has 
in v e s t i g a t e d  the e x t r a c t io n  o f  americium ( I I I )  by v a r io u s  amines from 
0.01M n i t r i c  ac id  in  th e  p resen ce  o f  d i f f e r e n t  organ ic  a c id s .  E x tr a c t io n  
c o e f f i c i e n t s  D^l were ob ta in ed  fo r  c i t r i c ,  t a r t a r i c  and o x a l i c  a c id s  
(0.2M) u s in g  primary and secondary amines in  xy len e  or hexone, and 
t e r t ia r y  amines in  hexone as e x tr a c ta n t ;  no e x tr a c t io n  from n i t r i c  ac id  
alon e  was observed .
The q u a d r iv a len t  a c t i n i d e s  are e x tr a c ted  in  the  order o f  
in c r e a s in g  atomic number (plutonium  > neptunium > uranium > thorium) 
w ith  the  l ig a n d s  c h lo r id e  and n i t r a t e ,  and in  the order o f  quaternary  
> t e r t ia r y  > secondary > primary amine^160’ 187\  For su lp h a te  sy s te m s ,  
the primary and secondary amines are  b e t t e r  e x t r a c t a n t s ,  fo r  reasons  
descr ib ed  above.
Protactin ium (V ) i s  e f f i c i e n t l y  e x tr a c te d  by a l l  c l a s s e s  o f
amines from h igh  c o n c e n tr a t io n s  o f  h y d ro ch lo r ic  and h y d r o f lu o r ic
. , (160) , _ . . .  (187)  a c id s  , but l e s s  so from n i t r i c  ac id  s o lu t io n s  . The e x tr a c t io n
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by t e r t i a r y  and quaternary amines in  x y len e  i s  q u a n t i t a t iv e  from 9M
h y d ro ch lo r ic  a c id  s o l u t i o n s .  Such system s have been used fo r  f a s t
and e f f i c i e n t  s e p a r a t io n  o f  p r o ta ct in iu m  (V) from f i s s i o n  products and
ter -an d  q u ad r iva len t  a c t i n i d e s . Protactin iu m  (V) i s  b e t t e r
(187)e x tr a c te d  than neptunium (V)
The s e x iv a le n t  a c t i n i d e s  are e x tr a c te d  from h y d r o c h lo r ic  and 
n i t r i c  a c id  s o lu t io n s  by the amines in  the order quaternary > t e r t i a r y  
> secondary > primary , th e  d i s t r i b u t io n  r a t i o s  in c r e a s in g  w ith  
in c r e a s in g  a c i d i t y  o f  th e  aqueous phase and fo r  some am ine-acid  
com binations a maximum i s  r e a ch ed (160,187)^  Taking in to  account the  
e x tr a c t io n  o f  e x c es s  a c id ,  Shevchenko e t  a l .  found that
6 lo g  Du (V I ) / 6 l o g [toa . hno3] = 1
. f  —
and assumed the  e x tr a c te d  complex to  be TOAH Infrared
(180)measurements confirm  th a t  o n ly  the  t r i n i t r a t e  complex i s  formed 
(IRQ)
Koch has found th a t  the  uranium (VI) n i t r a t e  complex e x tr a c ted
by tricaprylinethylammonium n i t r a t e  i s  ( R ^ I ^ N ) ! ^  (N03) 3 » The order
o f  e x t r a c t a b i l i t y  o f  s e x iv a le n t  a c t i n i d e  n i t r a t e s ,  s im i la r  to
q u ad riva len t  a c t in id e  and lannanide  n i t r a t e s ,  i s  determined by the
tendency o f  the e lem ents  to  form a n io n ic  complexes. In c h lo r id e
s o lu t io n s  the  s e x iv a le n t  a c t i n i d e s  are assumed to  be e x tr a c te d  as  
2-
MO^Cl  ^ com plexes, where M r e p r e s e n t s  th e  a c t i n i d e .  From absorption
(190) 2—sp e c tr o s c o p ic  measurements Ryan y concludes th a t  the IK^Cl^ ion
i s  hydrogen bonded to  the  t e r t i a r y  ammonium cation . D i s t r ib u t io n
data coupled w ith  in fr a r e d  sp e c tr o sc o p y  in d ic a t e  th a t  in  the  e x tr a c t io n
I
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o f  uranium (VI) by t r i - n -o c t y la m in e  in  carbon t e t r a c h lo r i d e  from aqueous 
th io c y a n a te  s o l u t i o n s ,  a complex w ith  the formula ( R ^ N H ) ( N C S ) ^  i s  
formed in  the  organ ic  phase
The e x tr a c t io n  o f  uranium (VI) by t e r t i a r y  amines from su lp h u r ic  
ac id  s o lu t io n s  has been e x t e n s i v e ly  s tu d ie d  because  o f  i t s  use in  the  
i n d u s t r i a l  production  o f  uranium. The systems show anomalous e x tr a c t io n  
and the  amine s a l t s  are o f te n  h ig h ly  a g g r e g a te d ^ 0 4 , ^08)„ D is t r ib u t io n  
r a t i o  o f  uranium (VI) has a maximum around 0 .0 1 5  M su lp h u r ic  a c id ,  
d e c r ea s in g  w ith  in c r e a s in g  a c i d i t y ,  p a r t ly  due to  the form ation o f  the  
b is u lp h a te  which competes s tr o n g ly  w ith  m etal su lp h a te  complex fo r  the
(9)
a v a i la b le  alkylammonium c a t io n .  Coleman e t  a l .  have descr ib ed  the  
e x tr a c t io n  o f  uranium (VI) from su lp h a te  s o lu t io n s  as o ccu rr in g  by 
e i t h e r  an anion exchange ( 1 .3 ,6 )  or adduct form ation ( 1 .3 .7 )  mechanisms:
(R3NH)2S04 + U02 (S04 ) 3 -  5 = = *  (R3NH)2U02 CS04) 2 + SQ3- a . 3 .6 )
(R3NH)2S04 + U02S04 ; = = -  ^  (R3NH>2UC>2 (S04 >2 ( 1 .3 .7 )
L a ter ,  McDowell and Coleman^5^^* car r i e d out a more d e t a i l e d  study
o f  t h i s  system  u s in g  di-n-decylammonium su lp h ate  in  benzene as the
e x tr a c t a n t .  Using i n t e r f a c i a l  t e n s io n  measurements, they  suggested
th a t  both e x tr a c t io n  mechanisms can occur s im u lta n eo u s ly  and th a t  the  one
which i s  favoured i s  dependent upon the c o n c e n tr a t io n  o f  the su lphate
ion  in  the aqueous phase . At h igh  su lp h a te  ion c o n c e n tr a t io n s  the
uranium i s  p r e sen t  to a la rg e  e x te n t  as the complex d isu lp h a to  anion  
2-
U02 (S04 ) 2 and th e  a n io n  exchange mechanism ( 1 . 3 . 8 )  p r e d o m in a te s .
47
At low su lp h a te  ion  c o n c e n tr a t io n s ,  however, q u i t e  h igh  amounts o f  the  
n e u tr a l  or c a t i o n i c  uranium s p e c ie s  e x i s t  in  the aqueous phase and the  
adduct form ation mechanism ( 1 . 3 . 9 )  predom inates.
3(R2NH2) 2S04 + U02 (S04) 2~ ^-------^ (R2NH2) 6U02 (S04) 4 + s o 2 -  ( 1 . 3 . 8 )
3(R2NH2) 2S04 + U02S04 ■-------  >■ (R2NH2) 6U02 (S04) 4 ( 1 .3 .9 )
Severa l  o th e r  a ttem pts have been made to determine th e  s to ic h io m e tr y  
o f  the  complex formed in  the  o r g a n ic  phase fo r  the e x tr a c t io n  o f  uranium(VI) 
from su lp h a te  s o l u t i o n s .  D i s t r ib u t io n  data su ggest  th a t  th ere  are
2— 2ns e v e r a l  uranium (VI) su lp h a te  s p e c ie s  in  the amine phase , UO^SO^)^ ,
(14 84 192-193)where n may be 3 or 4 * . From the s tu d ie s  o f  a c id ,  water
and m etal e x t r a c t io n ,  supplemented by in fr a r e d  sp e c tr o sc o p y ,  therm ogravim etry,
d i f f e r e n t i a l  th erm oan alys is  and chemical a n a ly s i s  o f  the  sa tu ra te d  o rg a n ic
(85 194—195)phases and o f  the  i s o l a t e d  complex, Sato ’ concluded th a t  on ly
the adduct form ation  mechanism occurs and the e x tr a c te d  complex c o n ta in s
four alkylammonium io n s  per uranyl atom, and has the com posit ion  
+
(R^NH)^ ^ 2 ^ S°4^3^H2^^3 * ^ore  r e c e n t ly ,  however, J u zn ic  and F e d i n a ^ ^ ^  
exp la in ed  t h e i r  experim enta l r e s u l t s  o f  the e x tr a c t io n  o f  uranium(VI) 
from high su lp h u r ic  a c id  con ten t  s o lu t io n s  by t r i - n -o c t y la m in e  in  to lu e n e  
through the  assum ption th a t  th e  two s p e c ie s  ( R ^ N H ) ( S O ^ ) ^  and 
(R3NH)HU02 (S04 ) 2 are formed in  the  organ ic  phase:
4(R3NH)HS04 + U02S04 ^ = = ^  (R3NH)4U02 (S04) 3 + 2H2S04 ( 1 .3 .1 0 )
(r3nh) hso4 + uo2s o 4 (r3nh) huo2 ( so4 ) 2 ( 1 .3 .1 1 )
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N e ith er  o f  the  above r e s u l t s  r e c o n c i l e  w ith  the  r e s u l t s  o f  d i s t r i b u t io n  
s t u d i e s ,  where the  exp o n e n t ia l  dependence o f  th e  d i s t r i b u t io n  r a t i o  on 
th e  amine c o n c e n tr a t io n  i s  f i r s t  order . Many attem pts have been made 
to  e x p la in  t h i s  anomalous behaviour o f  th e  system  on the  b a s i s  o f  s e v e r a l
f a c t o r s  such as a g g r e g a t io n ,  the  e f f e c t  o f  changing water conten t  on
the exp o n e n t ia l  dependence o f  th e  d i s t r i b u t i o n  r a t io  on the  amine
. , (108 ,196)c o n c e n tr a t io n ,a n d  so on
In the  e x tr a c t io n  o f  uranium (VI) by t r i - n -o c t y la m in e  in  var iou s
d i l u e n t s ,  th e  d i s t r i b u t io n  r a t i o  d ec r ea se s  w ith  in c r e a s in g
(197)d i e l e c t r i c  constan t  o f  the  d i lu e n t  , which i s  the  o p p o s i te  order  
ob ta in ed  fo r  the e x tr a c t io n  o f  a c i d l 29 30,179)^
In the e x tr a c t io n  o f  a c t in id e s  from n i t r a t e  s o lu t i o n s ,  the  in fr a r e d
and a b so r p t io n  s p e c tr a  o f  the  e x tr a c t s  su g g e s t  th a t  the  organ ic  phase
-  2-s p e c ie s  are predom inantly th o se  o f  M0o (N0o)_ and M(N0_)- r e g a r d le s sA J J J O
o f  th e  aqueous phase c o n d i t io n s ^ 180*198 202)^ In fche system s,
however, most f r e q u e n t ly  the  n ature  o f  th e  supporting  e l e c t r o l y t e  in  the
aqueous phase a f f e c t s  m etal e x t r a c t a b i l i t y  e s p e c i a l l y  a t  h igh  io n ic  
(203-204)s tr e n g th  . G en era lly ,  h igh er  d i s t r i b u t i o n  v a lu e s  are ob ta in ed  from
a l k a l i  c h lo r id e  s o lu t io n s  than from h y d r o c h lo r ic  a c id .  In h y d roch lor ic  
a c id  sy s tem s,a  maximum appears in  the  e x t r a c t io n  iso therm  o f  the m eta l ,  
which i s  u s u a l ly  a t t r ib u t e d  p a r t i a l l y  to  the form ation o f  H.C12 in  the  
organ ic  phase on the  assumption th a t  th e  l a t t e r  i s  taken up p r e f e r e n t i a l l y  
by th e  ammonium c a t io n .  The v a lu e  o f  d i s t r i b u t io n  r a t io  o f  uranyl c h lo r id e  
w hich , as mentioned e a r l i e r ,  depends on the  supporting  e l e c t r o l y t e ^ 208 204) 
i s  always second power dependent on the amine concentration^"188^. The
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however, d i f f e r e n t 205)^ v i s i b l e  spectrum o f  th e  s p e c ie s
2-e x tr a c te d  by a t e r t i a r y  amine i s  th a t  o f  UO^Cl^ on ly  i f  l i th iu m  c h lo r id e
. . , „ . „ (1 7 9 ,1 9 0 ,2 0 5 )  _ (190 ,205 )i s  the  supporting  e l e c t r o l y t e  . Ryan su g g e s ts
+ 2-th a t  the  hydrogen bonding between R^ NH and U02C14 i s  r e s p o n s ib le  fo r  
the  d i f f e r e n t  spectrum o f  th e  e x tr a c te d  s p e c ie s  from an a c id  c h lo r id e  
s o lu t i o n .  This and s im i la r  d i s c r e p a n c ie s  are perhaps due to  th e  e f f e c t  
o f  the aqueous s o l u t i o n ,  i t s  nature  and c o n c e n tr a t io n ,  on the  p ro cess  o f  
aggrega tion  o f  the am ine-bearing  io n -p a ir s  in  the organ ic  phase
Under g iv en  aqueous and organ ic  phase c o n d it io n s  the  order o f  
m etal e x t r a c t a b i l i t y  from c h lo r id e  s o lu t io n s  i s  what should be expected  
from th e  tendency o f  m eta ls  to  form an ion ic  ch loro  com plexes. When the  
a c t i n i d e s  are in  t h e i r  q u a d r iv a len t  o x id a t io n  s t a t e ,  the  order o f  
in c r e a s in g  e x t r a c t a b i l i t y  i s  thorium < p rotact in iu m  < uranium < neptunium  
<plutonium. In a l l  t h e s e  system s, the  d i s t r i b u t io n  r a t i o  has a n ea r ly  
second power dependence on the  amine c o n c e n tr a t io n ,  and th e  s p e c tr a  o f
uranium (IV ),  neptunium (IV) and plutonium  (IV) e x tr a c t s  show the
2  (179 20 5)
presen ce  o f  MCl^ a n ion , where M i s  th e  m etal * . The e x t r a c t a b i l i t y
o f  t e r v a le n t  t r a n s i t i o n  m eta ls  i s  a l s o  governed by t h e i r  tendency to
form s t a b le  t e t r a c h lo r o m e t a la te  ion s  in  aqueous c h lo r id e  s o l u t i o n s ,  the
(203)observed order b e in g  g o ld  > g a l l iu m  > iron  > indium . In f a c t ,  
the  sp e c tr a  o f  the  e x tr a c te d  s p e c ie s  by t e r t i a r y  amines are  th o se  o f
MCl^, D is t r ib u t io n  r e s u l t s ,  however, are in c o n s i s t e n t  w ith  t h i s
• • -r - •  (9 7 ,1 4 2 ,1 7 5 -1 7 6 ,2 0 3 )s p e c tr o s c o p ic  in fo r m a tio n  * * ’ \  which i s  b e l ie v e d  to be
due to  the  form ation  o f  mixed a s s o c i a t e s  o f  the quadruple type
a b s o r p t io n  s p e c t r a  f o r  th e  e x t r a c t s  from s a l t  and a c id  s o l u t i o n s  a r e ,
+ -  + -  + -  +
[R^NH Cl R3NI* o r  Po s s i b l y  high er  aggregates  [R^NH Cl R3^H MCl^
+ —
R NH Cl ] .
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Chromium ( I I I ) , which was f i r s t  reported  to  be n o n - e x tr a c ta b le  as
an io n  a s s o c i a t io n  complex w ith  h igh  m olecular  w eight amines has
+ -
been e x tr a c te d  as R3NH CrO^O)2 (SCN)4 complex from aqueous s o lu t io n s
c o n ta in in g  4.75M potassium  th io c y a n a te  and MD.1M h yd r o c h lo r ic  ac id  by
(207)0.25M t r i - n -o c t y la m in e  s o lu t i o n  in  carbon t e t r a c h lo r id e  . The o v e r a l l
r e a c t io n  has been found to  be s low  probably due to  the s low ness  w ith
3+
which the c o -o r d in a te d  w ater m o lecu les  in  CrO^O)^ are rep laced  by the
n e g a t iv e  th io c y a n a te  i o n s .  The e x tr a c t io n  o f  iron  ( I I I )  from su lp h ate
media by lo n g -c h a in  a lky lam ines  has a l s o  been in v e s t ig a t e d  and the
experim ental r e s u l t s  s t r o n g ly  su g g e s t  t h a t ,  in  the case  o f  primary and
(208)secondary a lky lam ines  , the  e x t r a c t io n  takes p la c e  v i a  the adduct
form ation  r e a c t io n  and the  e x tr a c te d  complexes have the  gen era l  formulae  
(RNH3) 2Fe0H(S04 ) 2 and ( R ^ H ^ F e O H C S O ^ .
In su lp h a te  sy s tem s,  the  e x t r a c t a b i l i t y  o f  m eta ls  in d ic a t e  th a t
the e f f e c t  o f  th e  hydrogen ion  c o n c e n tr a t io n  in  the aqueous phase i s
much more important than in  e x t r a c t io n s  from c h lo r id e  or n i t r a t e  media 
(9 209-210)* . This i s  ex p la in ed  by c o n s id e r in g  the e f f e c t  o f  pH on the
s u lp h a te -b is u lp h a te  e q u i l ib r iu m  in  an aqueous s o lu t io n  and the  f a c t  th a t  
the d i s t r i b u t io n  r a t i o s  o f  m eta ls  d e crea se  w ith  an in c r e a s e  in  the  
b is u lp h a te  c o n c e n tr a t io n  in  th e  organ ic  phase. I r r e s p e c t iv e  o f  the  amine 
c l a s s ,  a maximum in  the  d i s t r i b u t i o n  r a t i o  o f  metal su lp h a tes  i s  observed  
at a c i d i t i e s  lower than 0.1M which i s  u s u a l ly  fo llow ed  by a very  abrupt 
d ecrea se  as the b i s u lp h a te :  s u lp h a te  r a t i o  in c r e a s e s .  I f  th e  ac id  i s
51
rep laced  by a l k a l i  or ammonium su lp h a te  in  the aqueous phase , the  
d ecrease  in  d i s t r i b u t io n  r a t i o  w i l l  be much l e s s  w ith  an in c r e a s e  
in  the  e l e c t r o l y t e  con c e n tr a t io n ^ 188^.
P o ly v a le n t  oxyanions o f  group VIB are  not s i g n i f i c a n t l y  
e x tr a c te d  from e i t h e r  h yd roch lor ic  or su lp h u r ic  a c id  s o l u t i o n s ,  except
chromium (VI) from a l l  a c id ic  media and molyldenum (VI) in  the  form o f
2 -  _ , .  . , (2 0 3 ,2 0 7 ,2 1 1 -2 1 6 ) ,  The e x tr a c t io n  o fMoO. from d i l u t e  n i t r i c  a c id  * * '4
chromium (VI) from d i f f e r e n t  a c id i c  s o lu t io n s  has been in v e s t ig a t e d ,
(207 211-216)and the proposed mechanisms fo r  d i f f e r e n t  media are d i f f e r e n t  *
In the e x tr a c t io n  o f  t h i s  m etal by tetrabutylammonium hydroxide
(212)d is s o lv e d  m  m eth y 1 - iso b u ty l  ketone from h y d ro ch lo r ic  a c id  s o lu t io n s  ,
the e x tr a c t io n  i s  b e l ie v e d  to proceed through the form ation  o f  a
u n iv a le n t  an ion-quaternary  ammonium c a t io n  i o n - a s s o c ia t i o n  complex
[HCr 0 R/N] in  which the anion may be HCrO, or the  dimer HCi* 0_.L x y 4 J J 4 2 7
D eptu la , however, proposes the  involem ent o f  the CrO^Cl ion  in  the
e x tr a c t io n  o f  chromium (VI) from h y d ro ch lo r ic  a c id  s o lu t io n s  when
(215)t n - n - o c t y la m m e  m  benzene or heptane i s  used as the e x tr a c ta n t
From su lp h u r ic  a c id  s o l u t i o n s ,  the chromium (VI) e x tr a c t io n  by t r i -n -o c ty la m in e
d is s o lv e d  in  d i f f e r e n t  d i lu e n t s ,  in c lu d in g  benzene and carbon t e t r a c h lo r id e  1
obeys d i f f e r e n t  mechanisms depending upon the a c i d i t y  o f  the  aqueous
(213)s o lu t io n s  . At low su lp h u r ic  a c id  c o n c e n tr a t io n s  , the  mechanism o f  
e x tr a c t io n  i s  th a t  o f  r e a c t io n  ( 1 . 3 . 1 2 ) ,  whereas a t  h igh  co n c e n tr a t io n s  
o f  su lp h u r ic  a c id ,  r e a c t io n  ( 1 .3 .1 3 )  ho lds true:
2R3NH + Cr20 ?2   - - + ■ (R3NH)2Cr20 7 ( 1 .3 .1 2 )
+
R3NH + HCr20 ?  ^ — ..R3NH2Cr20 ? (1 .3 .1 -3 )
The ab sorp t ion  sp e c tr a  o f  chromium (VI) in  the  organ ic  phase confirm
(213)the  above mechanisms . For the  same system , however, Federov and
(216) 2—Zhdanov propose the  e x tr a c t io n  o f  CrO  ^ ion  by carbon t e t r a c h lo r id e
(214)s o lu t io n s  o f  t r i - n - o c t y la m in e .  From aqueous phosphoric a c id  , th e  
e x tr a c t io n  o f  chromium (VI) by benzene or carbon t e t r a c h lo r id e  s o lu t io n s  
o f  t r i - n - o c t y la m in e  proceeds through a mechanism s im i la r  to  r e a c t io n  
( 1 . 3 . 1 2 ) ,  w h i le  from perchloric or concentrated  n i t r i c  ac id  s o lu t io n s  , 
i t  in v o lv e s  a mechanism o f  th e  type in  r e a c t io n  ( 1 , 3 , 1 3 ) .
The e x tr a c t io n  o f  the  unprotonated u n iv a le n t  oxyanions o f  group VIIB
i s  r e a d i ly  a ch iev ed  under a v a r i e t y  o f  c o n d i t io n s .  Manganese (VII) has
been e x tr a c te d  by d i - n - d e c y l -  and d i-n -h exy lam in es  in  benzene, in  which
95% o f  manganese in  th e  form o f  MnO^  was e x tr a c te d  from su lp h u r ic  a c id  
(217)s o lu t io n s  . C erta in  o th e r  amines, such as n -dodecylam m e, reduce the
MnO^  ion during the  e x t r a c t io n  to  manganese compounds w ith  lower v a l e n c i e s .  
Though the  e x t r a c t a b i l i t y  o f  technetium  (VII) and rhenium (VII) in  the  
form o f  TcO  ^ and ReO  ^ i s  f e a s i b l e  from any m ineral a c id  s o lu t i o n ,  the  
s e v e r i t y  o f  c o m p et it io n  by the  m a c r o - e le c tr o ly te  anion i s  h igh er  by 
n i t r a t e  than by e i t h e r  c h lo r id e  or s u l p h a t e . Even from n i t r i c  a c id  
media, the  n i t r a t e  can q u a n t i t a t i v e l y  be exchanged by perrhenate  in  the  
organic  phase ( ^ 4 ) , j n th e  e x tr a c t io n  o f  technetium  (VII) from aqueous 
n i t r a t e  s o lu t io n s  in t o  x y len e  s o lu t io n s  o f  trilaurylammonium n i t r a t e  the  
metal i s  e x tr a c te d  as complexes R^NHTcO ,^ (R^NH^NO^TcO^ and
(R3NH)3 (N03) 2Tc04 depending on the  c o n c e n tr a t io n  o f  the  e x tr a c ta n t  in  the
(173) .organic  phase . The e x t r a c t io n  o f  qu ad riva len t  technetium  by
cyclohexane s o lu t i o n s  o f  t r i - n - o c t y la m in e  from aqueous th io c y a n a te  s o lu t io n s
(218)has a l s o  been i n v e s t i g a t e d  , and the  experim ental r e s u l t s  were
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e x p r e s s e d  by c o n s id e r in g  r e a c t i o n  ( 1 . 3 . 1 4 ) .
2R NHSCN + Tc(SCN)2 ^ = = ±  (R J H )0Tc(SCN)£ + 2SCN ( 1 .3 .1 4 )
j  o j  l  o
t
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As has a lread y  been reported  in  the p r e c e d i n g  s e c t i o n s ,  th e  e x tr a c t io n  
o f  a c id s  and m eta ls  by s o lu t io n s  o f  amines in  organ ic  s o lv e n t s  i s  a 
complex p ro c e ss  because  o f  many f a c t o r s  which in f lu e n c e  the e q u i l i b r ia  
in  th ese  sy stem s.
( 1 .4 .1 )  D i lu e n t  :
The nature  o f  the  organ ic  d i lu e n t  has been shown to  have a strong
in f lu e n c e  upon the num erical v a lu e s  o f  the d i s t r i b u t io n  r a t i o s  o f
in o rg a n ic  s p e c i e s .  In many c a ses  a sw itch  from one s o lv e n t  to  another
in c r e a s e s  or d e c r e a se s  the  e x t r a c t a b i l i t y  o f  c e r t a in  s p e c ie s  by s e v e r a l
(42 131 219)orders o f  magnitude ’ * , Because o f  t h i s  important r o le  o f
the organ ic  d i lu e n t  on the amine e x tr a c t io n  sy stem s, many e f f o r t s  have 
been made to  e s t a b l i s h  an em p ir ica l  order o f  s o lv e n t  e f f i c i e n c y  and to
e x p la in  the e f f e c t  o f  d i lu e n t  on the  e x t r a c t iv e  c a p a c ity  o f  var iou s
( 7 ,3 0 , 6 5 , 8 9 , 2 0 3 b ,220-226)  amines »
(221)Taube , on the  b a s i s  o f  a g rea t  deal o f  experim ental
in form ation  c o n s id er e d  th ree  main parameters a f f e c t i n g  the d i s t r i b u t io n
c o e f f i c i e n t  o f  a m e t a l l i c  s p e c ie s :  the degree o f  a g grega tion  o f  the
e x tr a c te d  s p e c i e s ,  i t s  d ip o le  moment, and the d i e l e c t r i c  co n sta n t  o f
the  s o lu t i o n .  As a r u l e ,  la r g e  ion s  w ith  mutual d ip o le  i n t e r a c t io n
are in vo lved  in  i o n - a s s o c i a t i o n  e x tr a c t io n  systems and, u n le s s  aggregated ,
(7 222)such s p e c ie s  w i l l  favour s o lv e n t s  w ith  a h igh d i e l e c t r i c  con stan t  * 
C onversly , when the s p e c ie s  are aggregated , the  low d ip o le  moment 
a ggrega tes  w i l l  be b e t t e r  e x tr a c te d  in to  low d i e l e c t r i c  con stan t
( 1 . 4 )  Amine E x t r a c t i o n  C h a r a c t e r i s t i c s ;
s o lv e n t s .  Although t h i s  concept i s  h e l p f u l ,  i t  over look s  the  var iou s
oth er  fa c t o r s  and i s  no t  u s u a l ly  u s e f u l  fo r  any q u a n t i t a t iv e  c o r r e la t io n  
(65)
i
As mentioned e a r l i e r  ( s e e  s e c t i o n  1 . 2 ) ,  the  e x te n t  and p o s s ib ly
the degree o f  ag g reg a tio n  o f  an amine s a l t  a t  a g iven  c o n c e n tr a t io n  i s
much h igher  in  hydrocarbons than in  d i lu e n t s  w ith  h igh  d i e l e c t r i c
c o n s ta n t .  A d d i t io n a l ly ,  in  a l i p h a t i c  hydrocarbons the  a g grega tion  i s
more pronounced than in  arom atic  d i lu e n t s  o f  e q u a l ly  low d i e l e c t r i c
(30 89)constan t  and zero d ip o le  moment * . This i s  b e l ie v e d  to be due to
the  s t a b i l i z a t i o n  o f  the n on -aggregated  io n -p a ir s  by the  high d i e l e c t r i c
constan t  s o lv e n t s ,  and to  some e x te n t  by arom atics due to  t h e ir  TT
(219)e le c t r o n s .  Marcus and K ertes , on the b a s i s  o f  t h i s  in form ation
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conclude th a t  a pure ly  organ ic  phase r e a c t io n  in v o lv in g  a monc^-polymer 
e q u ilib r iu m  i s  r e s p o n s ib le  fo r  th e  d i f f e r e n c e s  in  d i s t r i b u t io n  r a t i o s  
occu rr in g  in  var iou s  s o lv e n t s  and under o th erw ise  i d e n t i c a l  experim ental  
c o n d i t io n s .
(227)Schmidt e t  a l .  have shown t h a t ,  m  the e x tr a c t io n  o f  m etals
from aqueous s o lu t io n s  o f  t h e i r  s a l t s  by amine s a l t s ,  the  d i s t r i b u t io n  
c o e f f i c i e n t s  o f  the  e x t r a c t a b le  compounds decrease  w ith  in c r e a s e s  in  the  
e l e c t r o p h i l i c  ch arac ter  o f  th e  d i l u e n t s ,  which i s  ex p la in ed  by the  
s p e c i f i c  s o lv a t io n  o f  the e le c tr o n -d o n o r  p o r t io n  o f  the  e x tr a c t io n  
reagent (anion o f  the amine s a l t )  by m olecu les  o f  e l e c t r o p h i l i c  d i lu e n t s .  
They e s t a b l i s h e d ( 228^ th a t , in  the  e x tr a c t io n  o f  m etal s a l t s ,  the  
in f lu e n c e  o f  the  nature  o f  the  d i lu e n t  could be q u a n t i t a t i v e l y  p r e d ic te d  
fo r  a la rg e  number o f  e x t r a c t io n  system s w ith  the  a id  o f  a s c a l e  o f  
parameters "BP", c h a r a c te r iz in g  th e  a b i l i t y  o f  the d i lu e n t  to s o lv a t e  the
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e le c tr o n -d o n o r  atoms or groups o f  th e  e x tr a c ta n t  m o le c u le s .  The formula  
they  used to  c a lc u l a t e  the  e x tr a c t io n  con stan t  fo r  an e x tr a c t io n  system  
under c o n s id e r a t io n  w ith  a g iven  s o lv e n t  was,
log  K = lo g  Kq +« BP ( 1 .4 .1 )
in  which, K i s  the  d e s ir e d  e x tr a c t io n  c o n s ta n t ,  K i s  the e x tr a c t io no
con stan t  fo r  the  same system  but w ith  a standard d i lu e n t ,  and a  i s  a
c o e f f i c i e n t ,  con stan t  fo r  a s e r i e s  o f  e x tr a c t io n  system s d i f f e r i n g  only
(228)in  the  nature  o f  the d i lu e n t  ,
A s im i la r  d ecrease  o f  the  e x tr a c t io n  con stan t  w ith  an in c r e a se
. . . (223)m  the e l e c t r o p h i l i c  nature o f  the  d i lu e n t  has been su ggested  for
the  e x tr a c t io n  o f  a c id s  accord ing  to  the mechanism o f  "addition"
( e x t r a c t io n  o f  ex cess  a c i d ) .  As the  e x tr a c t io n  o f  e x c e s s  ac id  i s  due
to  the  form ation o f  a bond between the e l e c t r o p h i l i c  p o r t io n  o f  the
ac id  m olecu le  and the e le c tr o n -d o n o r  group o f  the e x tr a c ta n t  m olecule
(amine s a l t  in  t h i s  c a s e ) ,  i t  f o l lo w s  th at  any in c r e a s e  in  the a b i l i t y
o f  the d i lu e n t  to  s o lv a t e  the  e le c tr o n -d o n o r  group o f  the  e x tr a c ta n t
m olecule  should d ecrease  the e x tr a c t io n  con stan t  o f  e x c ess  a c id .  In f a c t ,
i t  has been ex p e r im en ta l ly  found th a t  the  e x tr a c t io n  o f  e x c ess  ac id
, . . . . .  , ( 1 9 ,6 6 ,1 3 1 )d e c l in e s  in  the order: *
cyclohexane > benzene > to lu e n e  > carbon t e t r a c h lo r id e  > chloroform
The dependence o f  the  logarithm s o f  th e  e x tr a c t io n  c o n sta n ts  on the  
"BP" va lu es  o f  the  d i lu e n t s ,  expressed  by equation  ( 1 . 4 . 1 ) ,  was 
in v e s t ig a t e d  fo r  the e x tr a c t io n  o f  n i t r i c  a c id  by 0.47M s o lu t io n s  o f
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n i t r a t e  in  v a r io u s  d i l u e n t s ,  which confirmed the  presen ce  o f  a l in e a r
(223) (223)r e la t io n s h ip  between them . Schmidt e t  a l .  have a l s o  v e r i f i e d
the  a p p l i c a b i l i t y  o f  equation  ( 1 ,4 .1 )  to  the q u a n t i t a t iv e  d e s c r ip t io n
o f  the  in f lu e n c e  o f  th e  d i lu e n t  on the  e x tr a c t io n  o f  h y d r o c h lo r ic  a c id
by 0.1M s o lu t io n s  o f  trilaurylammonium c h lo r id e  by a s im i la r  treatm ent
o f  the exper iem enta l data  o f  M uller e t  a l . ^ ^ 2\  A comparison o f  the
v a lu e s  o f  a  ( th e  s lo p e  o f  the l i n e  o f  lo g  K a g a in s t  "BP" in  equation
( 1 . 4 . 1 ) ) ,  ob ta in ed  fo r  th e  e x tr a c t io n  o f  n i t r i c  a c id  w ith  d i f f e r e n t  amine
n i t r a t e s ,  showed that the  in f lu e n c e  o f  e l e c t r o p h i l i c  d i lu e n t s  in c r e a s e s
w ith  in c r e a s in g  e le c tr o n -d o n o r  p r o p e r t ie s  o f  m olecu les  o f  th e  e x tr a c t io n
reagen t  and i t s  e x t r a c t io n  a b i l i t y ,  th a t  i s  tri-n-octylam m onium  n i t r a t e
. (223)> trilaurylammonium n i t r a t e .  I t  was a l s o  e s ta b l i s h e d  th a t  the
v a lu e  o f  a  fo r  the  e x tr a c t io n  o f  h y d roch lor ic  a c id  by trilaurylammonium
c h lo r id e  i s  h igh er  than fo r  th e  e x tr a c t io n  o f  n i t r i c  ac id  by trilaurylammonium
n i t r a t e .  This was ex p la in ed  by the  f a c t  that the e x c e s s  e x t r a c t io n  o f
h y d roch lor ic  a c id  by th e  l i k e  s a l t  o f  t r i la u r y la m in e  proceeds w ith  g r e a te r
d i f f i c u l t y  than th a t  o f  n i t r i c  ac id  by the l i k e  s a l t s  o f  t r i la u r y la m in e ,
and as a r e s u l t  i s  more s e n s i t i v e  both to  the changes in  the  e l e c t r o n -
donor ca p a c ity  o f  the anions o f  the  amine s a l t s  and to  the  s o lv a t i o n  of
t h e s e  anions by m o le c u les  o f  th e  d i lu e n t .
As fa r  as the  " n e u t r a l i z a t io n  r e a c t io n s " ,  th a t  i s  the  sim ple
e x tr a c t io n  o f  a c id s  by am ines, are concerned, the data a v a i la b l e  in  the
(19 30 143 229)l i t e r a t u r e  show * * * th a t  when th e se  r e a c t io n s  take  p la c e ,
the  dependence o f  the  e x t r a c t io n  co n sta n t  on the nature  o f  th e  d i lu e n t  i s  
o f  a type s u b s t a n t i a l l y  d i f f e r i n g  from the nature  o f  th e  fu n c t io n s  observed  
in  the "addition" r e a c t io n s .  Diamond e t  a l f ^ 0 , ^ \  M u l l e r a s  w e l l
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tr i-n -o c ty la m m o n iu m  n i t r a t e  and 0.32M s o l u t i o n s  o f  tr ilau ry lam m oniu m
as Fro lov  e t . a l . ( 2 2 9 )  have shown th a t  the  e x tr a c t io n  o f  ac id s  
accord ing  to  " n e u tr a l iz a t io n "  r e a c t io n s ,  in  co n tra s t  to  "addition"  
r e a c t io n s ,  i s  not reduced, but i s  in crea sed  w ith  the  s o lv a t io n  o f  the  
amine s a l t  by m olecu les  o f  the  d i lu e n t ,  which i s  b e l ie v e d  to  be due 
to  the  s t a b i l i z a t i o n  o f  th e  s a l t  formed in  the organ ic  phase.
The a p p l ic a t io n  o f  "BP" parameters to  study the  in f lu e n c e  o f  the
nature  o f  the  d i lu e n t  on the  e x tr a c t io n  co n sta n ts  o f  a c id s  accord ing
to  " n e u tr a liz a t io n "  r e a c t io n s  has shown th a t  a monotonic in c r e a s e  in
the  e x tr a c t io n  con stan t  w ith  d ecrea s in g  "BP" p a ra m eter(in creas in g
s o lv a t in g  power o f  the  d i lu e n t )  i s  no t  e n t i r e l y  observed . These
d e v ia t io n s  occur c h i e f l y  in  th o se  c a ses  when the d i lu e n t  i s  capable  o f
s o lv a t in g  not on ly  the  an ion , but a l s o  the c a t io n  o f  the  amine s a l t ,  as
w e l l  as for  p o lar  s o lv e n t s  which, due to  d ip o le - d ip o le  i n t e r a c t i o n s ,
are  capable o f  n o n - s p e c i f i c  s o lv a t i o n .  For t h i s  reason , i t  was assumed 
( 2 2 3 ) th a t  the  in f lu e n c e  o f  the  d i lu e n t  on the " n e u tr a liz a t io n "
r e a c t io n s  i s  determined by the a b i l i t y  o f  the  d i lu e n t  to s t a b i l i z e  the
io n -p a ir s  o f  the s a l t s  formed, a s s o c ia t e d  not on ly  w ith  the  s p e c i f i c  but
a ls o  w ith  the  gen era l  s o lv a t io n  o f  th e se  s a l t s  by the d i lu e n t s .  With
r
t h i s  m  mind, and by an analogy w ith  the  procedure used by Shmidt e t  a l .  
( 2 2 8 )   ^ a new s c a le  o f  param eters, nB P *M,was developed (223  > 225 22 6 )^
A sy s te m a tic  i n v e s t i g a t i o n  o f  the  in f lu e n c e  o f  the  nature  o f  the  d i lu e n t
on the e x tr a c t io n  c o n s ta n ts  o f  a s e r i e s  o f  s trong  monobasic a c id s  w ith
e • ( 2 2 5 )  , ( 2 2 5 )  , . ( 2 2 3 , 2 2 5 - 2 2 6 )a group o f  primary , secondary and t e r t i a r y  amines
accord ing to  the  " n e u tr a l iz a t io n "  r e a c t io n s ,  has shown th a t  fo r  a la rg e
number o f  system s, l in e a r  dependence o f  lo g  K on "BP*" parameters
are  b a s i c a l l y  s a t i s f a c t o r i l y  observed . For a g iven  ac id  e x tra c ted
w ith  d i f f e r e n t  amines, the  in f lu e n c e  o f  the  e l e c t r o p h i l i c  d i lu e n t s  on
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the  e x tr a c t io n  c o n s ta n ts  was found to  in c r e a s e  w ith  in c r e a s e s  in  the  
b a s i c i t y  and t h e r e f o r e  the e x tr a c t io n  a b i l i t y  o f  th e  am ines, and w ith  
in c r e a s e s  in  the  p o l a r i t y  o f  the  s a l t s  formed:
t r i - n - o c t y la m in e  > benzyldinonylam ine > t r i l a u r ly la m in e  >
(223)d ib en zy ld ecy la m m e v / 
and
( 009— OORT
t r i - n - o c t y la m in e  > d i ( 2 - e t h y lh e x y l )  amine > hexadecylam ine
By comparing the in f lu e n c e  o f  the  d i lu e n t s  on the  " n e u tr a l iz a t io n "
(223)r e a c t io n s  o f  a g iv e n  amine w ith  v a r iou s  a c id s ,  Shmidt e t  a l .  drew
the  c o n c lu s io n  t h a t ,  t h i s  in f lu e n c e  d ecreases  w ith  in c r e a s in g  the  
s tr e n g th  o f  the  a c id ,  which, they  argue, i s  due to th e  h igh er  e le c t r o n -  
donor a b i l i t y  o f  the  anions o f  weaker a c id s .  This c o n c lu s io n ,  
however, i s  not in  agreement w ith  the  r e s u l t s  ob ta in ed  by Genov and 
Duk0v (225- 226).
The in f lu e n c e  o f  the  nature  o f  the  d i lu e n t  on the  e x tr a c t io n  o f
a c id s  by amine s a l t s  accord ing to  an anion exchange r e a c t io n  has a l s o
(223)been s tu d ie d .  I t  has been suggested  t h a t ,  the  logar ith m  o f  the
eq u ilib r iu m  c o n s ta n t  o f  an anion exchange r e a c t io n ,  as in  the  case  o f  
th e  logarithm s o f  the  e x tr a c t io n  c o n sta n ts  o f  the e x t r a c t a b le  and d is p la c e a b le  
a c id s ,  should be a l in e a r  fu n c t io n  o f  the  "BP*"parameters c h a r a c te r iz in g  
th e  in f lu e n c e  o f  the  d i lu e n t s  on the " n e u tr a l iz a t io n "  r e a c t io n s ,  
because t h i s  k ind o f  r e a c t io n  can be consid ered  as a r e s u l t  o f
sim ultaneous e x tr a c t io n  o f  two a c id s  accord ing to  the  " n e u tr a l iz a t io n "  
r e a c t io n s .  Experimental data  to  support t h i s  expected  l in e a r
dependence are  l im i t e d ,  a lth ou gh  a treatm ent o f  the  experim ental data
(222) . (223)o f  Boyd and Larson supports  the  h y p o th es is  . On the o th er
(8)hand, F rolov  e t  a l ,  show, by a treatm ent o f  the  r e s u l t s  o f  M uller and 
Diamond^0 , th a t  the  r a t i o  o f  th e  e x tr a c t io n  c o n sta n ts  fo r  the e x tr a c t io n  
o f  h ydroha lic  a c id s  by t r i la u r y la m in e  in  var iou s  organ ic  s o lv e n t s  
remains approxim ately  the  same f o r  d i f f e r e n t  a c id s .  In o th er  words,  
the  nature o f  the  d i lu e n t  has a com paratively  s l i g h t  e f f e c t  on the  
eq u ilib r iu m  c o n sta n t  o f  an anion exchange r e a c t io n ,  which i s  equal to  
the above r a t i o .
Among o th er  a ttem pts to  c o r r e l a t e  the nature  o f  the d i lu e n t  w ith
the degree o f  e x t r a c t io n  o f  a c id s  and m etal s a l t s  by am ines,
(8)F ro lov  e t  a l .  , proposed the use  o f  an em p ir ica l  parameter r e la t in g
to the p o la p i ty  o f  the  d i l u e n t s ,  nEt ". They found l in e a r  r e la t io n s h ip s
between "E 11 parameters and the  logarithm s o f  the e x tr a c t io n  c o n sta n ts
o f  h y d r o c h lo r ic ,  h y d r io d ic ,  su lp h u r ic  and p e r c h lo r ic  a c id s  e x tr a c te d
(8 2 2 4 )by a s e r i e s  o f  t e r t i a r y  amines d i s s o lv e d  in  d i f f e r e n t  s o lv e n t s  ’
I t  i s  worth n o t in g  t h a t ,  in  p roposing  the em p ir ica l s o lv e n t  p o l a r i t y
param eters, nE 11, the  t o t a l  in f lu e n c e  o f  s o lv a t io n  and d i e l e c t r i c
(8)p r o p e r t ie s  o f  s o lv e n t s  have been taken in to  account , namely the
same fa c t o r s  which determ ine the in f lu e n c e  o f  s o lv e n t s  on the e x tr a c t io n
e q u i l i b r i a .  The d i f f e r e n c e  between "BP" and "E 11 parameters i s  th a t
the  parameter "BP" does n o t  have a p r e c i s e  p h y s ic a l  meaning and i s  on ly
( 2 2 8 )based on the e x t r a c t io n  data  , w h ile  the parameter ME H i s  based on
the in f lu e n c e  o f  s o lv e n t s  on the e le c t r o n  t r a n s i t i o n  energy o f  a standard  
m a te r ia l  ^ .
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One o f  the  main f a c t o r s  e x e r t in g  a s u b s t a n t ia l  in f lu e n c e  on the  
e x tr a c t io n  o f  a c id s  and m etal s a l t s  by amines i s  the  b a s i c i t y  o f  the  
e x tr a c t a n t .  The term " b a s ic i ty "  i s  o f t e n  ap p lied  to  d i f f e r e n t  c o n c e p ts ,  
so th at  th ere  i s  a v a r ie t y  o f  ways o f  ex p ress in g  or determ ining the  
q u a n t i t a t iv e  c h a r a c t e r i s t i c s  o f  b a s i c i t y .  A d i s t i n c t i o n  i s  made between 
the  a b s o lu te  b a s i c i t y  o f  an amine, which i s  d escr ib ed  by the energy o f  
proton attachment in  a vacuum (proton a f f i n i t y ) ,  and the  b a s i c i t y  o f  an 
amine in  a p a r t ic u la r  s o lv e n t ,  which depends on the  i o n - s o lv a t io n  
energy and o th er  f a c t o r s .
The order o f  a b s o lu te  b a s i c i t y  o f  amines, which i s  in  the order
o f  e le c tr o n  d e n s i ty  on the n i tr o g e n  atom o f  the amine, i s  governed by
(230)the in d u c t iv e  e f f e c t s  o f  th e  s u b s t i t u t e n t s  , Thus an in c r e a s e  in
the  number o f  a l i p h a t i c  s u b s t i t u t e n t s ,  which are c h a r a c te r iz e d  by a
p o s i t i v e  in d u c t io n  e f f e c t ,  should lead  to  an in c r e a s e  in  the b a s i c i t y
. (72)o f  the amine compared w ith  ammonia :
ammonia < primary a lky lam ine  < secondary allcylamine < t e r t i a r y  a lkylam ine
The in tr o d u c t io n  o f  arom atic s u b s t i t u e n t s ,  w ith  t h e i r  n e g a t iv e  in d u c t io n
e f f e c t s ,  lea d s  to  a d ecrease  in  the  e le c tr o n  d e n s i ty  on the n i tr o g e n  atom,
(72)and as a r e s u l t  lowers the  b a s i c i t y  o f  the  amine
In water and p o lar  s o lv e n t s ,  however, the above order o f  b a s i c i t y
breaks down; In aqueous s o l u t i o n s ,  fo r  example, th e  b a s i c i t y  o f
(231)methylamines in c r e a s e s  in  the order :
( 1 . 4 . 2 )  Amine S tr u c t u r e  and I t s  B a s i c i t y :
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This break down in  the  order o f  b a s i c i t y  has been a t t r ib u t e d  to  the
in f lu e n c e  o f  v a r io u s  f a c t o r s ,  in  p a r t ic u la r  s o lv a t io n  and s t e r i c  e f f e c t s .
In organ ic  s o l v e n t s ,  g e n e r a l ly ,  the  observed order o f  b a s i c i t y  o f
amines r a r e ly  c o in c id e  w ith  e x p e c ta t io n s  based on e le c tr o n  e f f e c t s .  In
h eptane , to lu e n e  and b enzene , fo r  example, d i-n -b u ty la m in e  i s  a s tron ger
base than t r i -n -b u ty la m in e ^  ^  S t e r i c  h in d r a n c e  and hydrogen
(2 3 3 )bonding have been su g g e s te d  fo r  t h i s  in v e r s io n  o f  the order , The 
a s s o c i a t io n  o f  th e  amine s a l t s ,  which form during the p r o c e ss  o f  the  
b a s i c i t y  measurements, has been su ggested  as one o f  the reasons fo r  the
(o\
above in v e r s io n  . Thus, in  s o lv e n t s  w ith  h igher  d i e l e c t r i c  c o n s ta n ts ,
where the a s s o c i a t i o n  i s  reduced, the  order o f  the  b a s i c i t y  i s :  primary
( 2 3 2 )< secondary < t e r t i a r y  amines , which i s  m  the same order as the
a b so lu te  b a s i c i t y .
Attempts have been made to  c o r r e la t e  the e x tr a c t io n  p r o p e r t ie s  and
(8)th e  b a s i c i t y  o f  am ines, and a l in e a r  r e la t io n  has been su ggested  between 
the e x tr a c t io n  c o n s ta n ts  o f  a c id s  and m etal s a l t s  and parameters which  
are dependent on the  b a s i c i t y  or which c h a r a c te r iz e  i t ,  but the  la ck  o f  
data has made i t  im p o s s ib le  to q u a n t i t a t i v e l y  a s s e s s  the p o s s i b i l i t y  o f  
such a c o r r e l a t i o n .
As fa r  as th e  e x tr a c t io n  o f  s im ple  a c id s  i s  concerned , the
e x tr a c t io n  d e c r ea se s  as one goes  from primary to  secondary to  t e r t i a r y  
( 1 6 2 , 2 3 4 )amines and th e  d i f f e r e n c e  between the e x tr a c t io n  c o n sta n ts
n h 3 < ( c h 3 ) 3n  < c h 3n h 2 < ( c h 3 ) 2n h
the  a b so lu te  b a s i c i t y  o f  a l i p h a t i c  amines r i s e s  as th e  number o f
s u b s t i t u e n t s  i n c r e a s e s .  An ex p la n a t io n  fo r  t h i s  anomaly i s  th a t  the
in c r e a s in g  number o f  a lk y l  groups s t e r i c a l l y  hinder the  approach o f
the  anion to  th e  ammonium c a t io n ,  as w e l l  as c u t t in g  down the  number
(131)o f  p o s s ib le  hydrogen bonds , The a s s o c i a t io n  o f  th e  amine s a l t ,
which in c r e a s e s  w ith  an in c r e a s e  in  the  degree o f  s u b s t i t u t io n ,  has a l s o
(8)been consid ered  as one o f  the reason s  f o r  the above anomaly *
The in tr o d u c t io n  o f  phenyl or benzy l s u b s t i t u e n t s  in to  the amine 
s tr u c tu r e  le a d s  to  a s u b s t a n t ia l  d ecrea se  in  the b a s i c i t y  and 
acco rd in g ly  to  a d ecrease  in  the  e x tr a c t io n  o f  a c id s :  t r ia lk y la m in e
/o 7 0'S
> b en zy ld ia lk y lam in e  > d ib en zy la lk y la m in e  > d i a l k y l a n i l i n e  *
The e f f e c t  o f  th e  a lk y l  c h a in - le n g t h  on the  e x t r a c t iv e  power o f  amines 
has a l so  been s tu d ie d ,  showing th a t  an in c r e a s e  in  the c h a in - le n g th ,  
up to  e ig h t  carbon atoms in  th e  a lk y l  r a d i c a l ,  i n i t i a l l y  in c r e a s e s
the  e x tr a c t in g  power o f  symmetric t e r t i a r y  amines a f t e r  which i t  p asses
-u u * , . . j  i » (62,169,198,229,235)through a maximum and then b e g in s  to  d e c l in e  * ’ * * . The
d ecrease  in  th e  e x t r a c t io n  c a p a c i ty  o f  a lkylam ines when th ere  i s  a
la rg e  in c r e a se  in  the c h a in - le n g t h  i s  u s u a l ly  a t t r ib u t e d  to  s t e r i c
h in d r a n c e .  The e f f e c t  o f  the s t e r i c  h in d r a n c e  on low ering  the
e x tr a c t io n  power o f  a lky lam ines  a l s o  becomes apparent when amines w ith
(219)branched chains near the  n i tr o g e n  atom are used
In the e x tr a c t io n  o f  a c id s  accord ing  to an "addition" r e a c t io n ,  i t
has been found th a t  the  e x t r a c t io n  o f  e x c e s s  ac id  i s  depressed  w ith  a
(62)decrease  in  the  base s tr e n g th  and a d ecreas in g  degree o f  s u b s t i t u t io n
/A A /  \
during t r a n s i t i o n  from quaternary to  primary amine s a l t s  , This i s
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(8)d e c r e a s e s  a s  t h e  s t r e n g t h  o f  th e  a c id  i n c r e a s e s  . At th e  same t im e ,
64
a sc r ib e d  to  a d e c l in e  in  the  e le c tr o n -d o n o r  p r o p e r t ie s  o f  the  amine 
s a l t  an ions in  t h i s  order
As fa r  as th e  e x tr a c t io n  o f  m etal s a l t s  or a c id s  accord ing  to  an
anion exchange r e a c t io n  i s  concerned, i t  i s  apparently  a gen era l
phenomenon th a t  the e x t r a c t iv e  power o f  a lky lam ines  in c r e a s e s  in  the
(131)order: primary < secondary < t e r t i a r y  < quaternary amines , which i s
o p p o s i te  to th e  order o f  the e x tr a c t io n  o f  s im ple  a c id s .  S tr u c tu r a l
changes in  the  amine m olecule  could be s u f f i c i e n t l y  e f f e c t i v e  to  re v er se
(219)th e  order o f  amine c l a s s e s  . Thus, in  bulky amines, th e  s t e r i c
fa c t o r s  which g e n e r a l ly  a f f e c t  the  b a s i c i t y  o f  amines cou ld  p lay  a 
predominating r o l e ,  and the  above order o f  e x t r a c t iv e  power be r e v er se d ,
( 1 .4 .3 )  Nature o f  Anion:
From the la r g e  amount o f  l i t e r a t u r e  data on th e  e x tr a c t io n  w ith  
amines, i t  has been e s t a b l i s h e d  th a t  the nature o f  the  anion has a 
c le a r  in f lu e n c e  on the  e x tr a c t io n  o f  s p e c ie s  under s tu d y .  For
example, under comparable c o n d i t io n s ,  the  e x tr a c t io n  o f  s im ple  ac id s
. , ( 8 ,1 9 ,2 9 -3 0 ,5 7 ,2 1 9 ,2 2 5 - 2 2 6 )in c r e a s e s  m  the  order:  ’
HF < HC1 < HBr < HN0~ < HI <? HSCN < HC10,3 4
This order o f  p r e fe r e n c e  o f  amines has been a t t r ib u t e d  by var iou s  
authors to  the  dominant in f lu e n c e  o f  anion hydration  on the  e x tr a c t io n  
o f  a c id s .  One s e e s  th a t  the e x tr a c t io n  co n sta n ts  o f  th e  a c id s  in c r e a se
w ith  in c r e a s in g  th e  r a d i i  o f  an ions o f  th e  a c id s .  Genov and Dukov
(225-226) . . ,e x p la in  t h a t ,  an important cause fo r  an in c r e a s e  m
the e x tr a c t io n  c o n s ta n ts  o f  a c id s  w ith  in c r e a s in g  the  anion r a d i i  i s  a 
decrease  in  the  h yd ra tion  e n e r g ie s  (AG) o f  th e se  a n io n s ,  which 
f a c i l i t a t e s  t h e i r  t r a n s f e r  in to  th e  organ ic  phase” .
- In f a c t ,  a l in e a r  r e l a t i o n  between the lo g a r i t h m s  o f  the  e x tr a c t io n  
c o n sta n ts  o f  a c id s  and th e  v a lu e s  known fo r  the f r e e  hydration  e n e r g ie s
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o f  anions o f  th e se  a c id s ,  has been found . The h ydration  energy
can not be the  on ly  f a c t o r  which in f lu e n c e s  th e  e x tr a c t io n  o f  a c id s ;
(19 225)the  form ation energy , as w e l l  as th e  s o lv a t io n  o f  s a l t s  * in  the
organ ic  phase, in f lu e n c e  the  e x t r a c t io n  eq u ilib r iu m . As the  e l e c t r o s t a t i c
energy o f  the form ation  o f  an amine s a l t  i s  in v e r s e ly  p r o p o r t io n a l  to
2 + -the  anion rad ius (e / r + r ) ,  then fo r  a g iven  amine, an in c r e a s e  in  
the  anion rad ius should lead  to  a d ecrease  in  the  form ation energy o f  
the amine s a l t ,  which opposes i t s  e x tr a c t io n  in to  the organ ic  phase.
Thus, a change in  the  an ion  r a d iu s  in f lu e n c e s  the  e x tr a c t io n  process  
in  two o p p o s i te  d i r e c t i o n s ,  through the  hydration  energy in  the  aqueous 
phase and the  form ation  energy in  the  organ ic  phase.
From th e se  two o p p o s i te  e f f e c t s ,  the  hydration  energy probably
has a s tro n g er  in f lu e n c e  on the  e x tr a c t io n  eq u i lib r iu m . However, the
( 99 fi')experim ental r e s u l t s  o f  Genov and Dukov in d ic a t e  t h a t ,  in  the
absence o f  s o lv a t i o n  in  th e  o r g a n ic  phase ( in  an i d e a l l y  ' in se r t '  
d i lu e n t )  th e se  two e f f e c t s  are probably as la r g e  and as a r e s u l t ,  
d i f f e r e n t  ac id s  are  e x tr a c te d  to  the  same e x te n t .
The important r o l e  p layed  by the  nature  o f  anion upon the  
e x tr a c t io n  o f  a c id s  accord in g  to  "addition" r e a c t io n s  ( e x c e s s  a c id
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e x t r a c t io n )  has a l s o  been i n v e s t i g a t e d .  I t  has been shown that the
degree o f  e x tr a c t io n  o f  e x c e s s  a c id  depends on the  nature  o f  anion o f
• j  j j • -V (17,19,27,29)the  a c id  and d ecreases  m  the  sequence :
HCN > CH COOH > HN0o HF > HSCN > HNO„ > HC1 > HHSO, > HBr >J 2 3 4
HI > HC10, 4
This order i s  g e n e r a l ly  a t t r ib u t e d  to  the  d e c r ea s in g  proton
. . . (19 131)a f f i n i t y  o f  the anion 5 or (what amounts to  th e  same th in g )  to
(44)in c r e a s in g  ac id  s tr e n g th  ,
The e x tr a c t io n  of  e x c e s s  ac id  has been con s id ered  to  be s im i la r  
to  the s o lv a t i o n  o f  the amine s a l t  by p ro to g en ic  s o lv e n t s ;  in  p a r t ic u la r  
a s i m i l a r i t y  w ith  the  hyd ration  o f  amine s a l t s  has been noted in  s e v e r a l  
w o r k s T h u s ,  anions o f  the  amine s a l t s  which g r e a t ly  need s o lv a t io n  
are expected  to  couple w ith  the  e x c es s  a c id ,  and th e  amount o f  e x c es s  
a c id  v a r ie s  roughly w ith  t h i s  need . A measure o f  t h i s  need i s  g iven  
by the b a s ic  s tr e n g th  o f  th e  an ion , which i s  in  th e  same order as  
t h a t  o f  the  e x tr a c t io n  o f  e x c e s s  a c id s  ex p e r im en ta l ly  observed .
In an attem pt to p r e d ic t  the  c a p a c ity  o f  a c id s  o f  var iou s  typ es  for
e x t r a c t io n  by b a s i c  e x tr a c t a n t s  through an "addition" r e a c t io n ,  i t  
(237-238)was shown th a t  the  d i s s o c i a t i o n  c o n sta n ts  o f  th e se  a c id s  (K ) ,a
(172)or the  n u c l e o p h i l i c  ( b a s i c i t y )  parameters o f  the  anions o f  th e se  a c id s  
( H= + 1 . 7 4 ) ,  could be used as a c r i t e r i o n  fo r  t h i s  p r e d ic t io n .  In 
f a c t ,  the  g r e a te r  the  pK -  v a lu e  o f  the ac id  or th e  H -  v a lu e  o f  thecl
anion o f  the  a c id ,  th e  more s t r o n g ly  was the  a c id  e x tr a c te d  accord ing
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(237)In 1969, Shmidt and Sokolov showed th a t  a l in e a r  r e la t io n s h ip
e x i s t s  between the  logarithm s o f  the  e x tr a c t io n  c o n sta n ts  o f  e x c es s  
a c id s  ( lo g  K . ,)  and th e  b a s i c i t y  parameter (H) o f  the  an ions  o f
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the ac id s  fo r  th e  e x t r a c t io n  o f  h y d r o f lu o r ic ,  h y d r o c h lo r ic ,  hydrobromic
and n i t r i c  a c id s  by l i k e  s a l t s  o f  m ethyld iocty lam ine  d i s s o lv e d  in
chloroform . Further proof  on the  p o s s i b i l i t y  o f  u s ing  the  parameter H
(and the d i s s o c i a t i o n  co n sta n t  o f  th e  a c id ,  K ) fo r  p r e d ic t in g  the
r e l a t i v e  c a p a c ity  o f  a c id s  fo r  e x tr a c t io n  by l i k e  s a l t s  o f  amines
(239)was g iven  in  1974, when Shmidt and Rybakov obta in ed  the  expected
l in e a r  r e la t io n s h ip  fo r  a s e r i e s  o f  monobasic a c id s ,  namely h y d r o f lu o r ic ,  
h y d r o c h lo r ic ,  n i t r i c ,  t h io c y a n ic ,  m on och loroacetic ,  d i c h lo r o a c e t i c ,  
t r i c h l o r o a c e t i c  and t r i f l u o r o a c e t i c  a c id s ,  e x tr a c te d  by s o lu t io n s  o f  
l i k e  s a l t s  o f  t r i - n - o c t y la m in e  in  chloroform,
( 1 .4 .4 )  Temperature;
Not a g r e a t  dea l o f  data i s  a v a i la b le  on the  e f f e c t  o f  temperature
!,• u i i • u- (1 8 ,1 3 2 ,2 4 0 -2 4 1 )on the  e x tr a c t io n  w ith  h igh  m olecu lar  weight amines
(1 8)Sato , who s tu d ie d  the  e x tr a c t io n  o f  s e v e r a l  m ineral a c id s  by a 
0.1M s o lu t i o n  o f  t r i - n - o c t y la m in e  in  benzene a t  tem peratures between
10-50°C, observed th a t  th e  d i s t r i b u t i o n  r a t i o s  o f  the  a c id s  decreased
.  ^ , (240-241) .w ith  an in c r e a s e  m  tem perature . F ro lov  e t  a l .  , however,
s tu d ied  c a l o r i m e t r i c a l l y  th e  thermal e f f e c t s  in  the  e x tr a c t io n  o f
h y d r o c h lo r ic ,  hydrobrom ic, n i t r i c ,  and p e r c h lo r ic  a c id s  by t e r t i a r y
amines in  benzene and chloroform . They obta ined  a l in e a r  r e la t io n
to  th e  " a d d it io n "  r e a c t i o n  by th e  b a s i c  e x t r a c t a n t s .
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be tw een  th e  lo g a r i th m s  o f  t h e  e x t r a c t i o n  c o n s t a n t s  o f  t h e s e  a c id s  by 
t r i - n - o c t y l a m i n e  i n  benzene  and th e  e n t h a l p i e s  o f  t h e  r e a c t i o n s .  The 
o r d e r  o f  e x t r a c t i o n  o f  d i f f e r e n t  a c id s  was found  to  be d e te rm in e d
c h i e f l y  by th e  h e a t s  o f  t h e i r  d e h y d ra t io n  and a c id - b a s e  i n t e r a c t i o n
. . . (240)w i th  t h e  amine
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SECTION 2
PRINCIPLE »nd T H E O R Y
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S olven t  (or l i q u i d - l i q u i d )  e x t r a c t io n  i s  d e f in ed  as th e  t r a n s f e r  o f
one or more s o lu t e s  between two im m isc ib le  or p a r t ly  m is c ib le  l iq u id
(242) .phases . The v a s t  m ajor ity  o f  s t u d ie s  made in v o lv e  system s where one
l iq u id  phase i s  an aqueous s o lu t i o n  and th e  second phase i s  a s o lv e n t
u s u a l ly  o r g a n ic .  The f i n a l ,  namely e q u i l ib r iu m , s ta g e  o f  the  p rocess
i s  c a l l e d  p a r t i t i o n  or d i s t r i b u t i o n ,  ahd the  substance or s p e c i e s ,  the
d i s t r i b u t io n  o f  which i s  s tu d ie d ,  may be c a l l e d  the  d is tr ib u e n d .  An
e x tr a c ta n t  i s  a substance  i ls u a l ly  used in  s o lu t io n  in  a s u i t a b l e  d i lu e n t .
The e x tr a c ta n t  r e a c t s  w ith  the  d is tr ib u e n d  by s o lv a t i o n ,  c h e la t io n ,
io n - p a ir in g ,  ion  exchange and so on, to  e x tr a c t  i t  from the  second phase .
The d i lu e n t  i s  used to  d i s s o l v e  the  e x tr a c ta n t  and improve i t s  p h y s ic a l
p r o p e r t i e s ,  p r a c t i c a l l y  w ith ou t  having e x tr a c ta n t  p r o p e r t ie s  i t s e l f .
In the  wide f i e l d  o f  s o lv e n t  e x t r a c t io n ,  s e v e r a l  d i s t r i b u t io n  
system s e x i s t .  These may be c l a s s i f i e d  accord ing to  two con cep ts:  a) th e  
natu re  o f  the  e x tr a c te d  s p e c i e s ,  and b) th e  mechanism o f  the  e x tr a c t io n  
p r o c e s s .
a) Nature o f  th e  e x tr a c te d  s p e c i e s :
In t h i s  c l a s s i f i c a t i o n ,  d is tr ib u e n d s  may be broadly separated  in to  
two groups o f  ’m olecular' and ' i o n i c ' . The former ca tegory  in c lu d e s :
1) Simple in o r g a n ic  m o le c u le s ,  such as io d in e  ’
2) Weak a c id s ,  such as a c e t i c  a c id  (CH^COOH).
(2 * 1 )  S o lv e n t  E x t r a c t io n  S y s te m s :
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3) P a r t i a l l y  c o v a le n t  m etal s a l t s ,  such as mercury ( I I )  c h lo r id e  (HgCl^).
4) Metal c h e l a t e s ,  such as bismuth d i th iz o n a te  (BifCCgH^NN^CSH]^).
5) S o lva ted  m etal s a l t s  in  low d i e l e c t r i c  con stan t  s o lv e n t s ,  such as  
U02 (N03) 2 . 2(BuO)3PO in  k erosen e .
The second ca teg o ry  in c lu d e s :
\ . . . + —1 ) I o n - p a i r s  c o n s i s t i n g  o f  la rg e  io n s ,  such as (C^H^^As MnO^  o r
Cs+ (C6HsV ~
2) I o n - p a ir s ,  the c a t io n  o f  which i s  an 'on iu m 1 c a t io n ,  such as
+ o _
[ (Cglfyy) ^NHj^PuCl^ in  benzene.
3) S o lva ted  metal s a l t s  in  high d i e l e c t r i c  c o n sta n t  s o lv e n t s ,  such  
as Cs 1^ in  n itrom ethan e.
4) Metal s a l t s  o f  la r g e  o rg a n ic  a n ion s ,  such as iro n  ( I I I )  t r i s  - 
(d inonylnaphthalene  s u lp h o n a t e ) .
I t  must be mentioned th a t  th e se  c a te g o r ie s  are not m utually e x c lu s i v e ,  
and a d is tr ib u e n d  may be long  to  e i t h e r  depending on th e  c ircum stances such  
as d i e l e c t r i c  c o n s ta n t ,  s o lv a t in g  power or b a s i c i t y  o f  the  s o lv e n t  and so on.
b) Mechanisms o f  the  e x tr a c t io n  p rocess :
I f  the  mechanism o f  the  e x tr a c t io n  p rocess  i s  con s id ered  as the  b a s i s  
o f  th e  c l a s s i f i c a t i o n ,  th e  f o l lo w in g  groups o f  e x tr a c t io n  system s w i l l  be 
d i s t in g u i s h e d ,  a lthough the mechanism^of only  a few c a s e s  are known from 
the  k i n e t i c  measurements. T h erefore ,  t h i s  kind o f  c l a s s i f i c a t i o n  i s  on ly  
c o n v e n t io n a l .
1) s im ple  p h y s ic a l  d i s t r i b u t i o n ,  such as the d i s t r i b u t io n  o f  benzene  
between cyc lohexane  and w ater .
2) D is t r ib u t io n  in v o lv in g  s o lv a t io n  in  e i t h e r  one or both p h a ses ,  such  
as the  d i s t r i b u t i o n  o f  mercury ( I I )  bromide between cyclohexane
(or to lu e n e )  and w a ter ,  where c o -o r d in a t iv e  s o lv a t io n  occ u r s .
3) D is t r ib u t io n  o f  i o n - a s s o c i a t e s  in v o lv in g  i o n ic  d i s s o c i a t i o n  a t  
l e a s t  in  the  aqueous phase . When the d is tr ib u e n d  i s  in  a m olecular  
(or i o n ic  but u n d is s o c ia te d )  form in  the organ ic  phase and
d i s s o c i a t e d  in  the aqueous phase , th e se  system s have a sim pler
form, such as some m etal c h e la t e s .
4) D is t r ib u t io n  system s in v o lv in g  ag g reg a tio n ,  s p e c i a l l y  in  the  organ ic  
phase , such as the  d i s t r i b u t i o n  o f  benzo ic  ac id  between benzene and 
h ig h ly  a c id ic  aqueous s o lu t i o n s .  This system  in v o lv e s  the  dimer
in  the  organ ic  phase and a sim ple u n d is s o c ia te d  m olecu lar  form
in  the  aqueous phase .
5) D is t r ib u t io n  in v o lv in g  r e a c t io n  w ith  e x c ess  l ig a n d ,  u s u a l ly  in  
the  aqueous phase , such as the  e x tr a c t io n  o f  io d in e  from io d id e  
s o lu t io n s  or o f  mercury ( I I )  h a l id e s  from aqueous h a l id e  s o l u t i o n s .
6) D is t r ib u t io n  in v o lv in g  an ion  exchange r e a c t io n ,  where e i t h e r  
a c a t io n  i s  exchanged, u s u a l ly  for  a hydrogen io n ,  such as the  
e x tr a c t io n  o f  iron  ( I I I )  w ith  d inonylnaphthalene su lp h on ic  a c id  
shown by r e a c t io n  ( 2 . 1 . 1 . ) ;
Fe3+ + 3 HDNNS 3H+ + Fe3+ (DNNS~)3 ( 2 .1 .1 )
or an anion i s  exchanged, as in  the e x tr a c t io n  o f  p e r te c h n a te  ion s  w ith  
a quaternary ammonium n i t r a t e  shown by r e a c t io n  ( 2 . 1 . 2 ) :
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TcO. + R.N NO- C""" •' NO. + R,NTcO. ( 2 .1 .2 )4 4 3  3 4 4
The above c a te g o r ie s  o f  e x tr a c t io n  system s i l l u s t r a t e  th o se  c a ses  
where the d i s t r i b u t io n  i s  governed m ainly by one predominant r e a c t io n .  In 
most c ases  more than one r e a c t io n  occurs and the  e q u i l i b r ia  become more 
com p lica ted . For example, the e x tr a c t io n  o f  uranyl su lp h a te  from aqueous 
su lp h u r ic  ac id  in to  tr i- iso -octy lam m on iu m  s u lp h a te -b is u lp h a te  s o lu t io n s  
in  kerosene in v o lv e s  c a te g o r ie s  3 , 4 , 5  and 6.
Sometimes i t  i s  conven ien t  to  c l a s s i f y  the e x tr a c t io n  systems  
accord ing to the  type o f  e x tr a c ta n t  or s o lv e n t  used: i n e r t ,  b a s ic ,  
a c i d i c ,  c h e la t in g ,  and io n ic  e x t r a c t a n t s .  Other types o f  c l a s s i f i c a t i o n  o f  
th e  e x tr a c t io n  system s a ls o  e x i s t
( 2 . 1 .1 )  Liq u id  Ion Exchangers:
With the co n t in u a l  development o f  ion exchange tec h n o lo g y ,  new f i e l d s  
o f  a p p l ic a t io n  are uncovered which req u ire  ion  exchange m a te r ia ls  th a t  
d i f f e r  from th o se  in  co n v en t io n a l  u s e ,  not on ly  in  t h e ir  fu n c t io n a l  
groups, but a l s o  in  p h y s ic a l  form. Liquid e x tr a c ta n ts  w ith  ion  exchange  
p r o p e r t ie s  have found in c r e a s in g  use in  the  l a s t  few decades, e s p e c i a l l y  
in  the f i e l d  o f  atomic energy , where organophosphorous compounds and 
a lky lam ines have been employed e x t e n s i v e ly  fo r  se p a r a t io n  as w e l l  as 
fo r  p u r i f i c a t i o n  purposes .
Among many organophosphorous compounds in v e s t ig a t e d  by d i f f e r e n t  
r e sea rch  groups, in c lu d in g  th o se  a t  the  U.S. Atomic Energy Commission's 
r esea rch  la b o r a to r ie s  and the  U.K. Atomic Energy Research Establishm ent  
a t  H arw ell, some can be regarded as weak-acid l iq u id  c a t io n  exchangers.
A t y p ic a l  example i s  d i ( 2 - e t h y lh e x y l )  phosphoric  a c id  (HDEHP), employed
f  *> f *y\
in  a p ro cess  f o r  f i s s i o n  product recovery  from w aste  s o lu t io n s  
Another l iq u id  io n  exchanger i s  d inonylnaphthalene su lp h on ic  ac id  
(HDNNS) which i s  an example o f  a s tr o n g -a c id  l iq u id  c a t io n  exchanger.
The la r g e  o r g a n ic  c a t i o n i c  a lkylam ine e x tr a c t in g  reagen ts  were
introduced  as l iq u id  anion exchangers by Smith and P a g e ^ 0  in  1948
and developed p a r t i c u l a r l y  f o r  i n d u s t r i a l  uranium recovery  by research
(9)groups a t  the Oak Ridge N at ion a l  L ab orator ies  . Almost s im u lta n eo u s ly ,  
(244)T r ib a la t  showed th e  e x tr a c t io n  p r o p e r t ie s  o f  th e  s im i la r  te tr a p h e n y l-
0 "4*phosphonium, (C^H^^P , and tetraphenylarson ium , (C^H^^As, c a t io n s .
These compounds are  a l l  known as l iq u id  anion exchangers, because  
they  form io n - p a ir s  w ith  exchangeable  an io n s ,  in c lu d in g  a n io n ic  metal 
com plexes, which are  s o lu b le  in  organ ic  s o lv e n t s .  A com plete  l i s t  o f  
com m ercially  a v a i la b le  l iq u id  io n  exchangers has been p u b lish ed  by 
Coleman e t  a l . (209)^
The su c c e s s  o f  l i q u i d - l i q u i d  e x tr a c t io n  as a u n i t  o p e r a t io n  in  
chem ical p r o c e s s in g  in  v a r io u s  atomic energy programmes has s t im u la ted  
much i n t e r e s t  on the part  o f  the  chem ical i n d u s t r i e s .  While s e v e r a l  
problems are  encountered in  the  s o l i d  ion  exchange tec h n o lo g y ,  such as 
h y d r a u l ic s ,  k i n e t i c s ,  and l i m i t a t io n  in  t h e ir  use w ith  s o lu t io n s
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o f  h igh  c o n c e n tr a t io n s ,  the  l iq u id  ion  exchange tech n o logy  i s  not u s u a l ly
/ I £1 \
hindered  by th e se  d i f f i c u l t i e s  . However, the  advantages o f  a
l iq u id  ion  exchange system  may b e ,  a t  t im es ,  n e u t r a l i z e d  by such problems 
as the e x tr a c ta n t  s o l u b i l i t y  l o s s e s  and phase disengagement problems
( 2 .1 .2 )  A l ip h a t ic  Amines and Their  S a l t s :
A l ip h a t ic  amines are  a c l a s s  o f  compounds which may be regarded
as d er ived  from ammonia by the  s u c c e s s iv e  replacem ents o f  one, two or
th r ee  hydrogen atoms by a l i p h a t i c  i -ad ica ls  g iv in g  r i s e  to  primary
RNH2> secondary R^NH, and t e r t i a r y  amines. The c l o s e l y  r e la t e d
+ —
quaternary ammonium compounds R^N X are  analogous to  ammonium s a l t s
nhT x” .4
For a p r a c t i c a l  s o lv e n t  e x t r a c t io n  a p p l ic a t io n ,  an amine has to  
f u l f i l  c e r t a in  b a s i c  requ irem en ts ,  such as c o m p a t ib i l i ty  w ith  a 
p r a c t i c a l  d i lu e n t ,  s u f f i c i e n t  e x t r a c t io n  power, rapid phase s e p a r a t io n ,  
low aqueous s o l u b i l i t y  and s u f f i c i e n t  chemical s t a b i l i t y .  With some 
e x c e p t io n s ,  u s u a l ly  on ly  sa tu r a te d  n i tr o g e n  compounds f u l f i l  th e se  
requirem ents o f  a u s e fu l  e x t r a c t a n t .
Lower m olecu lar  w eight primary amines (with four or l e s s  carbon 
atoms in  the a l i p h a t i c  cha in) are markedly water s o lu b le .  H ighly  
branched a l i p h a t i c  primary am ines, however, w ith  d e s ir a b le  p h y s ic a l  
p r o p e r t i e s ,  such as h igh  s o l u b i l i t y  in  hydrocarbons and n e a r ly  complete  
i m m is c ib i l i t y  w ith  w ater ,  have been used w ith  co n s id er a b le  su c c ess
in  e x tr a c t io n  o f  m e ta ls .  The presen ce  o f  a second a l ip h a t i c  chain in  
the  amine m olecu le  markedly reduces the  s o l u b i l i t y  o f  the  secondary  
amines in  p o lar  s o lv e n t s ,  and in c r e a s e s  the  s o l u b i l i t y  in  non-polar  
ones as compared to  th e  p r im a r ie s .  The same trend i s  found w ith  
in c r e a s in g  carbon c h a in - le n g th  in  th e  amines, up to  about ten  carbon 
atoms, a f t e r  which the  s o l u b i l i t y  in  the  non-po lar  s o lv e n t s  aga in  
d e c r e a s e s .
T e r t ia r y  am ines, even th o se  w ith  s t r a ig h t  a l i p h a t i c  c h a in s ,  are  
v i r t u a l l y  water in s o lu b le ,  the  s o l u b i l i t y  being  below 5 p .p .m . for  
amines w ith  more than e ig h t  carbon atoms per ch a in . These amines are  
com p le te ly  m is c ib le  w ith  non-polar  s o lv e n t s  a t  room temperature and 
sp a r in g ly  s o lu b le  in  a lc o h o ls  and o th er  p o la r  s o l v e n t s ,  t h e ir  
s o l u b i l i t y  in  p o la r  s o lv e n t s  in c r e a s in g  w ith  d ecreas in g  c h a in - le n g th  . 
S evera l  amines, e s p e c i a l l y  the  t e r t i a r y  o n es ,  have been shown to  in t e r a c t  
w ith  chloroform  and carbon t e t r a c h lo r i d e .  One r e a c t io n  product i s  
ap p aren tly  hydrogen c h lo r id e .
In aqueous s o l u t i o n s ,  a lky lam ines  are a l l  b a s ic  and the  order  
o f  b a s i c i t y  i s :
secondary > primary > t e r t i a r y  > ammonia
The in c re a se d  b a s i c i t y  o f  primary amines compared to  ammonia i s  
a t tr ib u t e d  to the  e le c t r o n  r e p e l l in g  nature  o f  th e  a lk y l  group which 
in c r e a s e s  the e le c t r o n  d e n s i ty  on n i tr o g e n  and thus the  c a p a b i l i t y  to  
a t t r a c t  a proton . The lower b a s i c i t y  o f  t e r t i a r y  amines i s  a t t r ib u t e d
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to  the  s t e r i c  e f f e c t  due to  the  accum ulation o f  a lk y l  groups on 
the  n i tr o g e n  atom which causes  a r e s t r i c t i o n  in  the m olecu le  to  
a t t a i n  a t e tr a h e d r a l  s t r u c t u r e  by the  a d d it io n  o f  a p ro ton . While  
the  b a s i c i t y  o f  primary and secondary amines change on ly  l i t t l e  w ith  
in c r e a s in g  c h a in - le n g t h  in  the  m o lecu le ,  th a t  o f  t e r t i a r y  amines 
in c r e a s e s  w ith  the  number o f  carbon atoms. This shows th e  s i g n i f i c a n t  
r o le s  th e  s t e r i c  and in d u c t iv e  e f f e c t s  p lay  in  determ in ing the  
b a s i c i t y  o f  am ines. The branching o f  a lk y l  groups a tta c h e d  to  the  
n itr o g e n  atom has s im i la r  e f f e c t s .  An a l t e r n a t iv e  exp la n a tio n  fo r  
the d ecrease  o f  b a s i c i t y  o f  t e r t i a r y  a l i p h a t i c  amines can be the e f f e c t  
which s o lv a t i o n  o f  the ammonium ion  has in  determ ining base  s tr e n g th ;  
the  accum ulation o f  a lk y l  groups on the n itr o g e n  atom cau ses  
i n t e r f e r e n c e  in  the  i n t e r a c t i o n  w ith  water m olecu les  to form a s o lv a te d  
i o n .
In p o la r  organ ic  s o l v e n t s ,  the  order o f  amine b a s i c i t y  i s  th a t  
in  aqueous s o l u t i o n s ,  presumably due to  a s im i la r  s o lv a t io n  e f f e c t .
In a p r o t ic  o rg a n ic  s o l v e n t s ,  where s o lv a t io n  e n e r g ie s  are  expected  to  
be sm a ll ,  however, the  order o f  b a s i c i t y  o f  amines i s  u s u a l ly  
t e r t i a r y  > secondary > primary. This emphasizes the f a c t  th a t  the  
b a s i c i t y  o f  amines may vary in  d i f f e r e n t  s o lv e n t s .
The most c h a r a c t e r i s t i c  r e a c t io n  o f  the amine bases  i s  th a t  
w ith  a c id s  to  form s a l t s .  The s a l t s  o f  the  lo n g -c h a in  primary  
amines are a p p r e c ia b ly  water s o lu b le ,  whereas the s o l u b i l i t y  o f  m ineral  
ac id  s a l t s  o f  lo n g -c h a in  sym m etrical secondary and t e r t i a r y  amines
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in  water and aqueous e l e c t r o l y t e  s o lu t io n s  i s  very low, g e n e r a l ly  
-4not exceed ing  10 M a t  ord inary  tem peratu res . The s o l u b i l i t y  order  
in  organ ic  s o lv e n t s  i s  g e n e r a l ly  t e r t i a r y  > secondary > primary 
fo r  amine s a l t s ,  though the  p o l a r i t y  o f  the  organic  s o lv e n t  i s  an 
important f a c t o r .  The s o l u b i l i t y  d e c r ea se s  w ith  d ecrea s in g  p o la r i t y  
o f  the organ ic  s o lv e n t  fo r  primary amine s a l t s ,  the s a l t s  being  
on ly  very s p a r in g ly  s o lu b le  in  a l i p h a t i c  hydrocarbons. The 
s o l u b i l i t y  o f  secondary , and p a r t i c u l a r ly  th a t  o f  t e r t i a r y  amine 
h y d roch lor id es  in  non -p o lar  s o lv e n t s  i s  h igh er  on a molar b a s i s ,  than 
th a t  o f  the  primary o n e s .  The s o l u b i l i t y  u s u a l ly  in c r e a s e s  w ith  
branching o f  the  amine in  the  amine s a l t s ,  and the order o f  s o l u b i l i t y  
fo r  d i f f e r e n t  s a l t s  o f  a g iven  amine i s  su lp h ate  > c h lo r id e  > n i t r a t e .  
In the  case  o f  some a lky lam ine  s a l t s ,  the  a d d it io n  o f  an a lc o h o l  
in c r e a s e s  t h e ir  s o l u b i l i t y  in  non -p o lar  s o lv e n t s ,  presumably due to  
s o lv a t io n  through hydrogen bonding. For example w ith  methanol and 
eth anol the compound proposed i s  the t r i s o l v a t e  TOA. HNO .^ 3R0H fo r  
tri-n-octylam m onium  n i t r a t e  in  benzene.
• “f* (Hydrogen bonding o f  the  type  N —  H ,X between the ion s  o f
(18 27the  ammonium s a l t s  i s  observed fo r  a la r g e  number o f  amines * ’
5 0 ,7 7 ,9 4 ,2 4 6  248)^ form ation  o f  in tra m o lecu la r  hydrogen bonds
in  amine s a l t s  i s  pronounced m ainly  when the amine i s  a weak base  
or the  a c id  i s  r e l a t i v e l y  weak, because  under th e se  c o n d it io n s  a 
complete t r a n s fe r  o f  th e  proton from the a c id  to  the  base i s  l e s s  
l i k e l y (2 4 6 >248- 249>.
There i s  c o n s id e r a b le  am bigu ity  in  a s s ig n in g  a v a lu e  fo r  the
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undisturbed N-H s t r e t c h in g  frequency o f  the am ines. By analogy
w ith  ammonia, th e  v a lu e  o f  3400 cm1 has been proposed, but a survey
o f  a number o f  v a r iou s  ammonium s a l t s ,  for  the in fr a r e d  normal N-H
-1s t r e t c h in g  f r e q u e n c ie s ,  in d ic a t e s  th a t  the v a lu e s  3250 and 3350 cm
should be a s s ig n e d  in  the f r e e  ammonium ion  to  the  symmetric and
(219),
degenerate  s t r e t c h in g  f r e q u e n c ie s ,  r e s p e c t iv e l y
In hydrogen bonded compounds, the p o s i t i o n  o f  the  unperturbed
N-H frequency i s  s h i f t e d  to  lower v a lu e s ,  the l a r g e s t  s h i f t
in d ic a t in g  the  s tr o n g e s t  hydrogen bonding. G en era lly  speak ing , the
hydrogen bond s tr e n g th  in c r e a s e s  on going from primary to  secondary
to  t e r t i a r y  amine s a l t s a n d  apparently  w ith  in c r e a s in g  the
c h a in - le n g th ,  a t  l e a s t  up to  a c e r t a in  number o f  carbon atoms per
ch a in ,  in  a l i p h a t i c  a m i n e s 248\  However, i t  has been e s ta b l i s h e d
th a t  a t  l e a s t  fo r  amine s u lp h a te s ,  the in tram olecu lar  hydrogen bonding
i s  weaker in  t e r t i a r y  amine su lp h a tes  than in  th e  corresponding
(247)secondary amine su lp h a tes  , This has been e x p la in e d  in  terms
o f  the p a r t i c i p a t i o n  o f  the  u n su b s t i tu te d  c a t i o n i c  proton o f  the  
secondary amine s a l t  in  the bond w ith  the su lp h ate  an ion .
I t  i s  known t h a t ,  the  nature  o f  the anion o f  the amine s a l t
a f f e c t s  the hydrogen bond s tr e n g th ;  i t  decreases  in  the  h a l id e  s e r i e s
(50 248-249)m  the order o f  in c r e a s in g  a c id  s tr e n g th ,  th a t  i s :
F" > Cl" > Br" > i"
From the p o s i t i o n  in  the proton magnetic resonance (PMR) sp e c tr a  o f  
the s ig n a l  fo r  the protons in  the N-H group and the  a b sorp tion  bands
80
in  the in fr a r e d  s p e c tr a  o f  the  v a len ce  v ib r a t io n s  o f  th e  N-H group , 
i t  has been e s t a b l i s h e d t h a t  the  s tr e n g th  o f  the  in tram olecu lar  
hydrogen bond in  t r i - n - o c t y la m in e  s a l t s ,  upon s u b s t i t u t in g  the  
anion , d ecreases  in  the  order:
2-
SO. , Cl > NO  ^ Br »  HSO. »  CIO, 4 3 4 4
e (248)A ra th er  s im i la r  order has been obtaiij|d by Kertes e t  a l .
o + -
Trioctylammonium thfjcyanate (R^NH NCS) shows an in tram olecu lar
hydrogen bonding, whose s tr e n g th  occu p ies  a p o s i t i o n  between the  
c h lo r id e  and bromide s a l t s  For t e r t ia r y  alltylam ine s a l t s ,
l in e a r  r e la t io n s h ip s  have been observed between the r a d i i ^ 4 8 )  
the proton a f f i n i t i e s  ^48) an£ons anj  s tr e n g th  o f
the hydrogen bonding, the  l a t t e r  in c r e a s in g  w ith  d ecrea s in g  rad ius  
and w ith  in c r e a s in g  th e  proton a f f i n i t y .
For a number o f  o c ty lam in e  s a l t s  in  carbon t e t r a c h lo r i d e ,  the
la rg e  anions such as ClO^* 10 ^  and 1^ e x h ib i t  weak hydrogen bonding  
(28)
On the o th er  hand, the  in fr a r e d  s h i f t  (o f  the  N-H s tr e t c h in g
frequency) in  the  spectrum o f  trioctylammonium f lu o r i d e ,  which
might be expected  to form th e  s tr o n g e s t  hydrogen bonds, i s
(219)s u r p r is in g ly  too  sm all . This i s  apparently  due to  the f a c t  th a t
the organic  phase compound, e x tr a c te d  under the normal experim ental  
co n d it io n s  o f  e q u i l i b r a t in g  an amine-base s o lu t io n  in  carbon
te t r a c h lo r id e  w ith  aqueous hydrogen f lu o r id e  s o lu t i o n ,  i s  the amine
+ — + —
d i f lu o r id e  s a l t  (R^NH HF2 ) r a th er  than the normal s a l t  (R^NH F ) .
I t  should be noted  in  t h i s  c o n n e c t io n ,  th a t  the hydrogen bonding
between ammonium c a t io n  and th e  metal (or d ih a l id e )  complex anions
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i s  w e a k e r  t h a n  t h a t  b e t w e e n  t h e  ammonium c a t i o n  a n d  t h e  s i m p l e  
( 2 8 , 4 3 , 1 9 0 , 2 0 5 , 2 4 8 )
a c i d  a n i o n s
I n f r a r e d  s p e c t r a  o f  t h e  s o l u t i o n s  o f  a m i n e  s a l t s  i n  o r g a n i c  
s o l v e n t s  i n d i c a t e  t h a t  t h e  c h a r a c t e r i s t i c  b a n d s  a p p e a r  r o u g h l y  a t  
t h e  same p o s i t i o n  a s  i n  t h e  s o l i d s ,  t h o u g h  s o m e w h a t  b r o a d e n e d .
I t  a p p e a r s  t h a t ,  e v e n  i n  h i g h  d i e l e c t r i c  c o n s t a n t  s o l v e n t s ,  s u c h  a s  
n i t r o m e t h a n e  a n d  n i t r o b e n z e n e ,  s t a b l e  i o n - p a i r s  a r e  f o r m e d  when t h e  
s t r u c t u r e s  i n v o l v e d  p e r m i t  s t r o n g  h y d r o g e n  b o n d i n g  b e t w e e n  t h e  
ammonium c a t i o n  a n d  t h e  a n i o n  I n  n o n - p o l a r  s o l v e n t s ,  h o w e v e r ,
t h e  b a n d s  a r e  s h i f t e d  t o  l o w e r  f r e q u e n c i e s ,  i n d i c a t i n g  a n  i n c r e a s e d
s t r e n g t h  o f  t h e  h y d r o g e n  b o n d ,  a t  l e a s t  i n  t h e  c a s e  o f  n i t r a t e  a n d
i ^  • ( 2 8 , 5 1 , 5 3 , 7 7 )h a l i d e  s a l t s  o f  t e r t i a r y  a m i n e s
T h e  m a i n  r e a s o n  f o r  t h e  n o n - i d e a l i t y  o f  s o l u t i o n s  o f  a m i n e  s a l t s
i n  n o n - p o l a r  s o l v e n t s  i s  c o n s i d e r e d  b y  some i n v e s t i g a t o r s  t o  b e  t h e
d i p o l e - d i p o l e  i n t e r a c t i o n s  o c c u r r i n g  i n  t h e s e  s o l u t i o n s 140) ^
( 1 2 8  135 251)W i t h  a  f e w  e x c e p t i o n s  * * m e a s u r e m e n t s  o n  t h e  d i e l e c t r i c
p r o p e r t i e s  o f  h i g h  m o l e c u l a r  w e i g h t  ammonium s a l t s  h a v e  n o t  b e e n
m ad e .  H o w e v e r ,  t h e  l i m i t e d  d a t a  a v a i l a b l e  i n d i c a t e  t h a t  t h e s e  s a l t s
a r e  h i g h l y  p o l a r  a n d  t h a t  t h e  t e r t i a r y  a m i n e  s a l t s  h a v e  h i g h e r  d i p o l e
moment  t h a n  e i t h e r  p r i m a r y  o r  s e c o n d a r y  o n e s ,  w h i c h  i s  i n  q u a l i t a t i v e
a c c o r d  w i t h  t h e  t e n d e n c y  o f  t h e s e  com pou nds  t o w a r d s  a g g r e g a t i o n  
219 2 5 1 )
’ . I n  a d d i t i o n ,  t h e  d i p o l e  mom ents  a p p a r e n t l y  i n c r e a s e  w i t h
t h e  s i z e  o f  t h e  a n i o n  i n  t h e  s e q u e n c e  c h l o r i d e  < b r o m i d e  < i d o d i d e
(2 4 9  2 5 2 - 2 5 4 )
< p e r c h l o r a t e  a n d  w i t h  t h e  l e n g t h  o f  t h e  a l k y l  c h a i n  *
A t t e m p t s  h a v e  b e e n  made  t o  c o r r e l a t e  t h e  p o l a r i t y  o f  t h e  a m i n e  s a l t s
to  the  p o l a r i t y - b a s i c i t y  r e la t io n s h ip  has been encountered due to
(219)th e  f a c t  th a t  b a s i c i t y  depends s tr o n g ly  on the  medium . U su a l ly ,  
s t r u c t u r a l  f a c t o r s ,  which a l s o  a f f e c t  the b a s i c i t y ,  have a 
tremendous in f lu e n c e  on the  p o l a r i t y  o f  amine s a l t s .
Quaternary ammonium compounds, which can r e t a in  t h e i r  i o n ic
ch aracter  in  e i t h e r  a c id i c  or b a s ic  io n iz in g  media due to
t h e ir  s tron g  e l e c t r o l y t e  c h a r a c te r ,  are u s e fu l  in  the  se p a r a t io n  o f
sim ple or complex a n io n s ,  j u s t  as s tro n g -b a se  anion exchange r e s in s
o f  the quaternary ammonium ty p e .  In t h i s  group o f  compounds, th ose
w ith  f i v e  or l e s s  carbon atoms per chain  are r e a d i ly  water s o lu b le
and g i v e ,  as a r u le ,  a low e x tr a c t io n  r a t io  when d i s t r ib u t e d  between
(255)an aqueous e l e c t r o l y t e  and a w ater -im m isc ib le  s o lv e n t  , On the
other  hand, i f  the number o f  carbon atoms in  the m olecu le  i s  twenty  
four or h ig h e r ,  the compounds are s o lu b le  in  organ ic  s o lv e n t s  and 
the measurements o f  th e  e q u i l ib r iu m  amine c o n c e n tr a t io n  in  the phases  
show th a t  th e se  h ig h e r  amine s a l t s  are e x c e s s i v e l y  d i s t r ib u t e d  to  
the organ ic  p h a s e (2 5 5 ) ,  jjjg^ m olecular  weight quaternary ammonium 
compounds are r e a d i ly  s o lu b le  in  non-polar  aromatic hydrocarbons  
and carbon t e t r a c h lo r i d e  and p o la r  s o lv e n t s  such as n itrob en zen e  or 
chloroform , but o n ly  sp a r in g ly  s o lu b le  in  a l ip h a t i c  hydrocarbons.
In n o n - io n iz in g  s o lv e n t s ,  quaternary ammonium s a l t s  are in  the  
form o f  h ig h ly  p o la r  i o n - p a i r s 135* 2 5 3 - 2 5 4 )  ^ Furthermore, a 
monomeric s t a t e  o f  s o lu t e  in  non-po lar  media i s  ra th er  e x c e p t io n a l  
or , more p r e c i s e l y ,  th e  s o lu t e  c o n cen tra t io n  at  which monomers
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w ith  th e  s t r u c t u r e  and b a s i c i t y  o f  th e  am ines. S e r io u s  l i m i t a t i o n
predominantly e x i s t  i s  extrem ely  low in  th e se  s o lv e n t s  . A
tendency fo r  m olecular  a s s o c i a t i o n ,  though not beyond the dimer, i s  
observed fo r  low m olecu lar  w eight quaternary ammonium s a l t s ^ 288\
The e x te n t  o f  a g g reg a tio n  o f  such compounds, in  n o n - io n iz in g  s o lv e n t s ,  
in c r e a s e s  w ith  the  m olecu lar  w eight o f  the  s o lu t e .  The d i e l e c t r i c  
properties" o f  the s o lv e n t  a l s o  a f f e c t  the e x ten t  o f  aggrega tion ;  
a d d it io n  o f  a p o la r  s o lv e n t ,  such as m ethanol, to  a s o lu t io n  o f ,  
for  example, tetrabutylammonium bromide in  benzene or carbon 
t e t r a c h lo r id e  breaks down the aggrega tes  to  io n -p a ir s  which are
/ 9c7\
more p o lar  than dimers or h igh er  aggrega tes  , S p ec tro sco p ic  
and p o la r iz a t io n  measurements o f  tetrabutylammonium io d id e  in  v a r io u s  
m ixtures o f  n on -p o lar  and p o la r  s o lv e n t s  have been in te r p r e te d  in  
terms o f  s o lu t e - p o la r  s o lv e n t  i n t e r a c t i o n  . In the presence  o f  
p olar  s o lv e n t s ,  th e se  i o n -p a ir s  are shown to  be e s s e n t i a l l y  s o lv e n t -  
shared or s o lv e n t - s e p a r a te d  ion  p a ir s ,  as d i s t i n c t  from short  
d is ta n c e  or c o n ta c t  io n -p a ir s  in  non-polar  s o lv e n t s .  Thus, fo r  
tetrabutylammonium io d id e  in  carbon t e t r a c h lo r id e ,  the  a d d it io n  o f  
methanol con verts  the  c o n ta c t  io n -p a ir  s o lu t e  to  a s o lv e n t - sh a r e d  
io n -p a ir  s o l u t e ,  which i s  the s t a t e  o f  s o lu t e  in  the  po lar  
chloroform .
( 2 .1 .3 )  Q u a n t ita t iv e  Treatment o f  D is t r ib u t io n  E q u i l ib r ia :
The fundamental law governing s o lv e n t  e x tr a c t io n  was f i r s t  
reported  in  1872 by B e r t h e lo t ,  a f t e r  he and J u n g f le i s c h ^ 289  ^
i n v e s t ig a t e d  the d i s t r i b u t io n  o f  a la rg e  number o f  organic  and 
in organ ic  compounds between, e th e r ,  or carbon d i s u lp h id e ,  and w ater:
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D -  a  + p [x ] ( 2 . 1 . 3 )
Where D i s  th e  measured d i s t r i b u t i o n  r a t i o  o f  th e  compound X betw een
In equation  ( 2 . 1 . 4 ) ,  X[X] and £[X] r e fe r  to the  t o t a l  c o n c e n tr a t io n  o f  
a l l  s p e c ie s  o f  X in  the organ ic  phase and aqueous phase , r e s p e c t iv e l y .  
Because a and p in  equation  ( 2 ,1 ,3 )  are c o n s ta n ts ,  which are d i f f e r e n t  
fo r  each system , much f u t i l e  work was c a r r ie d  out to  f in d  
co n n ection s  between th e se  c o n sta n ts  and the kind o f  s o lu t e s  e x tr a c te d .  
About twenty y ea rs  l a t e r  N e r n s t r e a l i z e d  th a t  one had to take  
in to  account the  d i f f e r e n t  r e a c t io n s  o f  the s o lu t e  in  each phase,  
such as p o ly m e r iza t io n  in  the  organic  phase and d i s s o c i a t i o n  in  the  
aqueous phase . I f  the s o l u t e ,  however, had the  same m olecular  weight  
in  the  organ ic  and aqueous p h a ses ,  the  d i s t r i b u t io n  should be 
independent o f  the co n c e n tr a t io n  o f  the s o lu t e .  Thus in  1891, Nernst  
(260) e ]_akorat;ecj Up0n the above law, and w ith  thermodynamic c o n s id e r a t io n s  
arr iv ed  a t  the  much s im pler  r e la t io n
e i t h e r  d im erized  in  the organ ic  phase or d i s s o c ia t e d  in  the  aqueous 
phase, the d im e r iz a t io n  and d i s s o c i a t i o n  being determined from 
vapour p r e ssu re  and c o n d u c t iv i ty  measurements.
the  organ ic  and the aqueous phase , th a t  i s
( 2 .1 .4 )
( 2 .1 .5 )
where i s  th e  p a r t i t i o n  c o e f f i c i e n t ,  Nernst proved h i s  equation  
to  be v a l id  fo r  the e x tr a c t io n  o f  a number o f  organ ic  a c id s ,  which
For a s o lu t e  X d i s t r i b u t e d  between two im m isc ib le  ph ases ,  
chemical thermodynamics s t a t e s  t h a t ,  a t  eq u ilib r iu m  the  chemical  
p o t e n t i a l s  o f  the  s o lu t e  in  both  phases are equal and dependent 
on ly  on the tem perature;
Fx = Fx (2.1.6)
where a bar above a symbol d e s ig n a te s  the organic  phase and i t s  
absence over a correspond ing  symbol d e s ig n a te s  the aqueous phase. 
Furthermore, one may w r i t e
| ix = + RT In a x ( 2 .1 .7 )
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and
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flx = Fx + RT ln  Qx (2 .1 .8 )
in  which |ix and jix are  the  standard chemical p o t e n t i a l s ,  and a x and a .^ 
are the a c t i v i t i e s  in  the  two p h ases .  S u b s t i tu t in g  equations ( 2 .1 .7 )  
and ( 2 , 1 . 8) in to  equation  ( 2 . 1 . 6) ,  one ob ta in s
F° + RT In a x « FX + RT ln ax ( 2 . 1 .9 )
or
X
(2.1.10)
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R earran g ing  e q u a t io n  ( 2 . 1 . 1 0 )  and in t r o d u c in g
Qx ■ fx [x]
where f x i s  the  a c t i v i t y  c o e f f i c i e n t  and [X] i s  the  co n c e n tr a t io n  
o f  the s p e c ie s  X, g iv e s
*
where K^, which i s  the  r a t i o  o f  a c t i v i t i e s  o f  the s p e c ie s  X in  the  
two p h a s e s , i s  a tru e  con stan t  ( fo r  a g iven  standard s t a t e )  and i s  
c a l l e d  the  p a r t i t i o n  c o n s ta n t .  I t  i s  i n t e r e s t i n g  to  n o t e ,  th a t  the  
p a r t i t i o n  c o e f f i c i e n t  i s  p ro p o rt io n a l  to  the  in v e r s e  r a t io  o f  the  
a c t i v i t y  c o e f f i c i e n t s  in  the  two ph ases .  Equation ( 2 . 1 . 1 2 ) ,  which  
i s  i d e n t i c a l  to  eq u ation  ( 2 . 1 . 5 ) ,  i s  the s o - c a l l e d  Nernst  
d i s t r i b u t io n  law.
A common approach in  the  study o f  d i s t r i b u t io n  e q u i l i b r ia  i s  
the  measurement o f  d i s t r i b u t io n  r a t i o s  D o f  the  d is tr ib u e n d  X, 
d ef in ed  by equation  ( 2 . 1 . 4 ) ,  as a fu n c tio n  o f  the change in  
concenti-a tion  o f  the  d i s tr ib u e n d ,  the e x tr a c ta n t  or the  l ig a n d ,  
hold in g  the o th er  c o n c e n tr a t io n s  c o n s ta n t .  Of more p r a c t i c a l  
i n t e r e s t  to  the  a n a l y t i c a l  chem ist i s  the e f f i c e n c y  o f  the
QX f X ^ (2.1.11)
or
(2.1.12)
e x tr a c t io n ,  %E. This term can be d e f in e d  as the  p ercen t o f  the  
s p e c ie s  X i n i t i a l l y  p resen t  in  th e  aqueous phase, which i s  
e x tr a c te d  in to  the  organ ic  phase . This q u a n tity  i s  r e la t e d  to  the  
d i s t r i b u t io n  r a t i o  D by the  equation
100 D
%E =  —  ( 2 .1 .1 3 )
D + (V/V)
in  which V and V are th e  volumes o f  the  aqueous phase and the organic  
phase , r e s p e c t i v e l y .  Equation ( 2 .1 .1 3 )  reduces to
%E = 100D/(D+1) ( 2 .1 .1 4 )
when the two phases are o f  equal volume, th a t  i s  V = V. For t h i s  
p a r t ic u la r  c a s e ,  the  p o in t  fo r  50% e x tr a c t io n  c o in c id e s  w ith  D=l, 
and as the e x tr a c t io n  approaches com p le ten ess ,  or E approaches  
100%, D in c r e a s e s  very  r a p id ly  (when E = 90, 98 .04  and 99.9%,
D = 9, 50 and 1000, r e s p e c t i v e l y ) .
In order to  in c r e a s e  the  y i e l d  o f  e x tr a c t io n  in  some e x tr a c t io n  
p r o c e sse s  a techn iqu e  known as the  m u lt ip le  e x tr a c t io n  w ith  one 
s ta t io n a r y  phase or " c r o ss -c u r r e n t  e x tr a c t io n "  i s  o f t e n  employed.
This i s  when th e  e x tr a c t io n  i s  repeated  n tim es fo r  the  same phase  
(u su a l ly  aqueous) w ith  f r e s h  p o r t io n s  o f  the  e x tr a c ta n t  phase  
(u su a l ly  o r g a n ic ) ,  in  which c a se  the  percentage e x tr a c t io n  i s  g iven  
by the equation
87
‘ef-f-i-c-i-ency e x t r a c t i o n  p r o c e s s  d e s c r ib e d  by th e  term p e r c e n ta g e
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%E « 1 0 0 [ 1 - ( P  + 1)  n l n L J ( 2 . 1 . 1 5 )
where P i s  the e x tr a c t io n  f a c t o r  g iven  by the  equation
P = D0 ( 2 .1 .1 6 )
where D i s  the  d i s t r i b u t io n  r a t io  and 0 i s  the phase volume r a t io  
V/V. I t  must be n o ted , however, th a t  D i s  assumed to  be independent  
o f  the  c o n c e n tr a t io n  o f  the  e x tr a c te d  su b stan ce , and th a t  a complete  
im m is c ib i l i t y  o f  the two phase i s  assumed during the  e x tr a c t io n  
p r o c e s s .
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( 2 .2  ) Ion Exchange R e s i n s ^ 64)
Ion exchange r e s i n s  are u s u a l ly  w a te r - in s o lu b le  s o l i d  substances  
which can take up ion s  o f  p o s i t i v e  or n e g a t iv e  charge from an 
e l e c t r o l y t e  s o lu t io n  and r e le a s e  o th er  ions o f  l i k e  charge in to  the  
s o lu t io n  in  an e q u iv a le n t  amount. According to the charge o f  the  
ion s  exchanged ion  exchange r e s i n s  can be c l a s s i f i e d  as c a t io n  or  
anion exchangers. The s o - c a l l e d  amphoteric ion  exchangers can 
exchange both n e g a t iv e l y  and p o s i t i v e l y  charged io n s .
Ion exchange r e s i n s  c o n s i s t  o f  a c r o s s - l in k e d  polymer network 
to  which are  a t ta c h e d  io n iz e d  or io n iz a b le  groups. The r e s in s  s w e l l  
in  w ater , but the  c r o s s - l i n k s  between the polymer chains prevent  
them from d i s s o l v i n g  e i t h e r  in  water or other  s o lv e n t s .  The f u n c t io n a l  
groups can io n iz e  in to  a f ix e d  io n ,  which i s  a ttach ed  to  the polymer 
chain and i s  immobile, and a counter  ion  which i s  m obile and can 
d i f f u s e  through the  sw o l le n  r e s i n  and exchange xrith an ion  o f  l i k e  
charge in  a surrounding s o l u t i o n .
The f i r s t  ion  exchange r e s in s  were introduced by Adams and 
Holmes^ ^ 5 )  1 9 3 5 1 These were formed by the polym eric  condensation
o f  formaldehyde w ith  s u i t a b l e  phenols  or a ry la m in es . The aromatic  
r in g s  c a r r ie d  fu n c t io n a l  groups such as sulphonate fo r  c a t io n  
exchangers or a lkylam ino fo r  anion exchangers, and the polymeric  
chains were h ig h ly  c r o s s - l in k e d  through attachment o f  more than two 
m ethylene b r id g es  to  the  same aromatic r in g .  These e a r ly  r e s in s  
were not very s t a b le  ch em ica lly  and tended to  d i s s o l v e  in  a lk a l in e  
s o lu t i o n .  B e t te r  r e s in s  were l a t e r  introduced by D’A l e l i o ^ 2* ^ ,
based on th e  cop o lym er iza t ion  o f  s ty r e n e  w ith  th e  c r o s s - l in k in g  
agent d iv in y lb en zen e  (DVB). The r e s u l t a n t  c r o s s - l in k e d  p o ly s ty r e n e  
can be sulphonated to  produce a c a t io n  exchanger, or ch lorom ethylated  
and then t r e a te d  w ith  a t e r t i a r y  amine to produce an anion exchanger.  
These r e s in s  are c h em ica lly  and p h y s i c a l ly  more s t a b le  than the  
p rev iou s  typ e .
Ion exchange r e s in s  can be c l a s s i f i e d ,  accord ing to  the type  
o f  a c t i v e  groups, as s tr o n g ly  a c id i c  or weakly a c id ic  c a t io n  
exchangers, or as s tr o n g ly  b a s i c ,  medium s tr o n g ly  b a s ic  or weakly b a s ic  
anion exchangers. These are b e s id e  the  s o - c a l l e d  adsorbant, amphoteric  
and s p e c i f i c  r e s in  p ro d u cts ,  which are o f  l e s s  g en era l  importance.
The a c t i v e  groups o f  s tr o n g ly  a c id i c  c a t io n  exchange r e s in s  i s  the  
su lp h on ic  ac id  group (-SO^H), and th o se  o f  weakly a c id ic  r e s in s  
can be p h e n o l ic  (--OH), c a r b o x y l ic  a c id  (-C00H), phosphonic ac id  
(-PO(OH)2) or many o th er  groups. The a c id ic  hydrogen in  th ese  
groups may be r ep la ced  by another c a t io n .  Anion exchangers con ta in  
b a s ic  groups as a c t i v e  groups. These are e i t h e r  s tr o n g ly  b a s ic  
quaternary groups, such as -N(CH3) 3OH , medium s tr o n g ly  b a s ic  groups,  
such as -N(CH3) 2 and -NHCH^, or weakly b a s ic  groups, such as “Mfy.
( 2 .2 .1 )  Ion Exchange S e l e c t i v i t y :
An ion  exchange r e a c t io n  can be rep resen ted  by the  equation
where z^  and Zg a re  th e  v a le n c ie s  o f  th e  io n s  A and B , r e s p e c t iv e ly ,  
and th e  b a r re d  fo rm u la e  de n o te  th e  s p e c ie s  in  th e  exchanger phase . 
A lth o u g h  th e  two io n s  w ou ld  exchange w i t h  one a n o th e r  in  s to ic h io m e t r ic  
q u a n t i t ie s ,  th e y  w o u ld  n o t g e n e ra l ly  be h e ld  e q u a lly  s t r o n g ly  by th e  
e xch a n g e r. T h is  phenomenon i s  known as s e l e c t i v i t y .  I f  a r e s in  is  
a llo w e d  to  come in t o  c o n ta c t  w i t h  an aqueous s o lu t io n  c o n ta in in g  two 
s p e c ie s  o f  e xchang eab le  c o u n te r  io n s ,  th e n  th e  r a t i o  o f  th e s e  io n s  
in  b o th  phases a t  e q u i l ib r iu m  w i l l  depend on s e v e ra l f a c to r s .  The 
o p e ra t io n  o f  th e s e  fa c to r s  i s  n o t y e t  c o m p le te ly  u n d e rs to o d , b u t 
th e y  do, i n  some c a s e s , e n a b le  q u a l i t a t i v e  p r e d ic t io n s  o f  s e le c t i v i t y  
to  be made.
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The s e l e c t i v i t y  o f  an io n  exchange system  may be exp ressed  in  
a number o f  ways in c lu d in g  a) th e  io n  exchange is o th e rm ,b )  th e  
s e p a ra t io n  f a c t o r ,  c )  th e  s e l e c t i v i t y  c o e f f i c ie n t  and d) th e  
therm odynam ic e q u i l ib r iu m  c o n s ta n t f o r  th e  exchange r e a c t io n .
a) Io n  Exchange Is o th e rm :
T h is  i s  a g r a p h ic a l r e p re s e n ta t io n  in  w h ich  th e  e q u iv a le n t  io n ic  
f r a c t io n ,  Xg , o f  th e  c o u n te r  io n  B in  th e  exchanger phase i s  p lo t t e d  
a g a in s t  th e  e q u iv a le n t  io n ic  f r a c t io n ,  Xg, o f  th e  same io n  in  th e  
s o lu t io n ,  w h i l s t  o th e r  v a r ia b le s  such as te m p e ra tu re  a re  k e p t 
c o n s ta n t .  The e q u iv a le n t  io n ic  f r a c t io n s  Xfi and Xg a re  g iv e n  by th e  
e q u a tio n s
ZB[B]
Xfi "  za [a ] + z B [ b ]  ( 2 ' 2 ’ 2 )
and
_  zb [b ]
X =    —  ( 2 .2 .3 )
za [a ]  + zB[B]
w here [ i ]  i s  th e  c o n c e n tra t io n  o f  th e  sp e c ie s  i  w i t h  th e  v a le n c y  
z ^ ,  and th e  b a rre d  sym bols d e n o te  th e  sp e c ie s  in  th e  exchanger 
phase . I f  th e  system  re p re s e n te d  by r e a c t io n  ( 2 .2 .1 )  is  id e a l  and 
shows no p re fe re n c e  f o r  A o r  B , th e n  f o r  th e  io n s  o f  th e  same 
cha rge  th e  is o th e rm  i s  l i n e a r  a c c o rd in g  to  th e  r e l a t i o n , ^  = «
In  p r a c t ic e ,  how eve r, th e  system s a re  n o n - id e a l ( s e le c t iv e )  and th e  
is o th e rm s  a re  c u rv e d , th e  c u rv a tu re  r e f l e c t i n g  th e  p re fe re n c e  o f  
th e  exchanger f o r  one io n  o r  th e  o th e r .  Fo r an exchange between 
io n s  o f  d i f f e r e n t  v a le n c y ,  th e  s e l e c t i v i t y  is  a f fe c te d  by io n ic  
c o n c e n tra t io n ,
b ) S e p a ra t io n  Fact o r :
The s e p a ra t io n  f a c t o r  i s  th e  q u o t ie n t  o f  th e  c o n c e n tra t io n  
r a t io s  o f  th e  two c o u n te r  io n s  A and B in  th e  exchanger and s o lu t io n  
p h a se s :
a.B _ XB ’ XA _  [b ] • [A ] ( 2 .2 .4 )
A XA . XB [ A ] • [B ]
T h is  d im e n s io n le s s  q u a n t i t y  w h ic h  can be o b ta in e d  d i r e c t l y  fro m  
th e  io n  exchange is o th e rm , i s  n o t  a f fe c te d  by th e  c h o ic e  o f  
c o n c e n tra t io n  u n i t s  o r  by d i f f e r e n c e  in  th e  cha rges on th e  c o u n te r  
io n s  b e in g  exchanged.
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The s e l e c t i v i t y  c o e f f i c ie n t  i s  o f te n  fo u n d  to  be th e  most 
c o n v e n ie n t way o f  e x p re s s in g  s e l e c t i v i t y  f o r  t h e o r e t ic a l  s tu d ie s .  
F o r r e a c t io n  ( 2 .2 .1 )  th e  m o la r s e l e c t i v i t y  c o e f f i c ie n t  i s  d e s c r ib e d  
by th e  e q u a tio n
c)  S e l e c t i v i t y  C o e f f i c i e n t :
„B m p A . [aA 1
K.   —   ( 2 .2 .5 )
A m  " .  i « f Al
w here [ ] d e n o te s  th e  m o la r c o n c e n tra t io n .  The s u b s t i t u t io n  o f  m o la r
c o n c e n tra t io n s  by m o la l i t i e s  o r  e q u iv a le n t  io n ic  f r a c t io n s  w i l l
r e s u l t  i n  d i f f e r e n t  v a lu e s  f o r  th e  s e le c t i v i t y  c o e f f i c ie n t .  How ever,
f o r  th e  c o u n te r  io n s  o f  e q u a l v a le n c ie s  th e se  v a lu e s  w i l l  be e q u a l.
F o r a u n i - u n iv a le n t  exchange r e a c t io n (  |z^| = |Zg| = 1) th e  s e l e c t i v i t y
c o e f f i c ie n t  w i l l  have th e  same v a lu e  as th e  s e p a ra t io n  f a c t o r ,
B B
and can be o b ta in e d  d i r e c t l y  fro m  th e  exchange is o th e rm .
g
The n u m e r ic a l v a lu e s  o f  g iv e  a v a lu a b le  p r a c t i c a l  m easure o f  th e
Bp re fe re n c e  o f  an exchanger f o r  one io n  o v e r a n o th e r .  I f  i s  
g re a te r  th a n  u n i t y ,  th e n  th e re  i s  a g re a te r  u p ta k e  o f  B th a n  o f  A 
by th e  e xch a n g e r, r e la t i v e  to  t h e i r  c o n c e n tra t io n s  in  th e  e x te rn a l 
s o lu t io n ,  and v ic e  v e rs a . The s e l e c t i v i t y  c o e f f i c ie n t  i s  o n ly  
c o n s ta n t f o r  a g iv e n  s e t o f  c o n d i t io n s ,  and i t  v a r ie s  a p p re c ia b ly  
w i t h  th e  io n ic  c o m p o s it io n  o f  th e  e x te rn a l phase . Because th e  
p re fe re n c e  f o r  one io n  o v e r a n o th e r in  a g iv e n  phase i s  a measure 
o f  th e  r e l a t i v e  e f f e c t s  o f  th e  two components on th e  therm odynam ic 
p r o p e r t ie s  o f  t h a t  phase , by in t r o d u c in g  a c t i v i t i e s ,  w h ic h  c o u ld  be
d e s c r ib e d  as th e  m easure o f  e s c a p in g  te n d e n c ie s , a n o th e r  q u a n t i t y  known 
as th e  ,f c o r r e c te d "  s e l e c t i v i t y  c o e f f i c ie n t  i s  o b ta in e d  w h ich  re p re s e n ts  
th e  p re fe re n c e  o f  th e  exchanger phase o n ly :
PaI Pnl 
, B [b ]  . [a ]Ib 1  a  b a
K "  -  ------------------------  —  = K„ —  (2 .2 .6 )
A r s 1lzBl rH llZAl N  A A
M  • [B ] f B f B
B
The q u a n t i t y  K ^ , h o w e ve r, re p re s e n ts  th e  r e s u l t a n t  o f  a l l  in t e r a c t io n s  
in  b o th  th e  exchanger and s o lu t io n  phases th a t  g iv e  r i s e  to  s e l e c t i v i t y ,
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d) Therm odynam ic E q u i l i b r i um C o n s ta n t:
BThe the rm odynam ic  e q u i l ib r iu m  c o n s ta n t,  K_, , i s  d e f in e d  when th e
A
a c t i v i t i e s  o f  th e  s p e c ie s  in  b o th  exchang ing  phases a re  in c lu d e d  in  
th e  fo r m u la t io n .  I t  i s  g iv e n  by th e  r e la t io n
1 ft
A g°  »  -    RT In  K j 3 ( 2 .2 .7 )
ZAZB A
where A g°  i s  th e  s ta n d a rd  f r e e  ene rgy  o f  th e  exchange r e a c t io n .
T h is  i s  a t r u e  c o n s ta n t depen d ing  o n ly  upon te m p e ra tu re , in  
c o n t r a s t  to  th e  s e l e c t i v i t y  c o e f f i c ie n t s  w h ich  co rre s p o n d  to  a s in g le  
p o in t  on th e  exchange is o th e rm . The n u m e r ic a l v a lu e  o f  t h is  c o n s ta n t 
how ever, depends on th e  c h o ic e  o f  th e  s ta n d a rd  s ta te s .
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( 2 .2 .2 )  T h e o r e t ic a l  Approach:
Many a tte m p ts  have been made s in c e  1932 to  e xp re ss  io n
exchange e q u i l i b r i a  in  q u a n t i t a t iv e  te rm s . I n  o rd e r  to  f in d  th e
s ta n d a rd  f r e e  ene rgy  o f  an io n  exchange r e a c t io n ,  i t  i s  n e ce ssa ry  to
d e te rm in e  th e  therm odynam ic e q u i l ib r iu m  c o n s ta n t ,  K „ , f o r  th e
A
r e a c t io n .  Most o f  th e  approaches made e n a b le  d i r e c t  e x p e r im e n ta l 
d e te rm in a t io n  o f  t h i s  q u a n t i t y ,  whereas in  o th e r  cases th e  
s e l e c t i v i t y  c o e f f ic ie n t s  a re  d e te rm in e d  e x p e r im e n ta l ly  and th e n  a 
g ra p h ic a l m ethod is  used to  o b ta in  th e  therm odynam ic e q u i l ib r iu m
c o n s ta n t .  A s u rv e y  o f  d i f f e r e n t  approaches has been g iv e n
- , (2 6 3 -2 6 4 , 267 -268 )e lse w h e re  * ,
The th e o ry  used in  t h is  w o rk  i s  e s s e n t ia l l y  t h a t  o f  B a r re r  and 
F a l c o n e r t who s tu d ie d  th e  u n i - u n iv a le n t  c a t io n  exchange re a c t io n s  
in  z e o l i t e s  and c o n s id e re d  th e  r e a c t io n  as in te rc h a n g e  o f  io n s  
betw een two i n e r t  d i e l e c t r i c s .  F o r t h e i r  s t a t i s t i c a l  therm odynam ic 
t re a tm e n t ,  B a r re r  and F a lc o n e r  p roposed  a m odel in  w h ic h  th e  
s e l e c t i v i t y  was e x p la in e d  by a c o n s id e ra t io n  o f  th e  in t e r a c t io n  
fo rc e s  betw een io n s  on a d ja c e n t s i t e s .  Thus th e  io n s  w h ich  when 
o c c u p y in g  an exchange s i t e  g iv e  r i s e  to  th e  le a s t  in t e r a c t io n  w i th  
n e ig h b o u r in g  io n s  a re  p r e fe r r e d  by th e  e xch a n g e r.
O t h e r  a t t e m p t s  h a v e  b e e n  m a d e  t o  a p p l y  t h i s  t r e a t m e n t  t o
u n i- u n iv a le n t ,  u n i - b iv a le n t  and u n i - t e r v a le n t  exchange system s in
. . . .  . (2 6 7 -2 6 8 ,2 7 0 -2 7 6 ) .
c r o s s - l in k e d  g e ls  . The f i n a l  e q u a tio n s  p re s e n te d
h e re  a re  th o s e  o r i g i n a l l y  d e r iv e d  by Salmon e t  a l .  In  t h is  t h e o r e t ic a l
t r e a t m e n t , have been made in  o rd e r  to  m in im iz e  th e  c o m p le x ity
o f  c a lc u la t io n s :
1) F o r an io n  exchange r e a c t io n  such as t h a t  in  ( 2 ,2 .1 )  when th e  
e n te r in g  B io n s  occupy a d ja c e n t s i t e s  in  th e  A - r ic h  l a t t i c e  o f  
th e  r e s in ,  an a d d i t io n a l  change in  th e  ene rgy o f  th e  m a t r ix  
o c cu rs  r e l a t i v e  to  th e  s ta te  w here  two A io n s  occupy th e  two 
a d ja c e n t s i t e s .  The ene rgy  change a s s o c ia te d  w i th  A-B p a i r s  
i s  assumed to  be n e g l ig ib le .
2 ) The e n e rg y  change i s  a d d i t iv e  w i th  re s p e c t to  th e  number o f  
B-B p a i r s ,  i r r e s p e c t iv e  o f  w h e th e r th e se  p a ir s  a re  is o la te d  
o r  in  c lu s t e r s .
3) The d i s t r i b u t i o n  o f  A and B io n s  in  th e  r e s in  i s  assumed to  be 
random . T h is  a ssu m p tio n  i s  j u s t i f i e d  i f  th e  in t e r a c t io n s  a re  
s m a l l ,
4 ) The amount o f  i n t r a  r e s in - m a t r ix  w a te r  i s  assumed to  be 
u n a lte re d  by th e  exchange r e a c t io n .  T h is  i s  e q u iv a le n t  to  
re g a rd in g  th e  io n s  in  t h e i r  h y d ra te d  fo rm s and to  a s s o c ia t in g  
changes in  w a te r  c o n te n t d u r in g  a g iv e n  exchange p ro ce ss  
p r im a r i l y  w i t h  th e  d i f f e r e n t  degrees o f  h y d ra t io n  o f  th e  
io n s  in v o lv e d .
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approach the  fo l lo w in g  assum ptions, s im i la r  to  th ose  in  the  o r i g i n a l
The co m p le te  d e r iv a t io n  o f  th e  th e o ry  has been d e s c r ib e d
e l s e w h e r e 2 7 2 ,2 7 4 ) ^  ^ as |3een te s te d  f o r  some c a t io n  and
foe7_o7c\
a n io n  exchange system s u s in g  s o l id  io n  exchangers . The
p re s e n t s tu d ie s  a re  e s s e n t ia l l y  conce rned  w i th  t e s t in g  th e  
a p p l i c a b i l i t y  o f  th e  e q u a tio n s  d e r iv e d  in  t h a t  t re a tm e n t to  l i q u i d  
io n  exchange sys tem s. In  summary, th e  t h e o r e t ic a l  app roach  used is  
as f o l lo w s : -
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A f t e r  m aking th e  above a s s u m p tio n s , a g rand p a r t i t i o n  fu n c t io n  
Q, as d e s c r ib e d  by F o w le r and Guggenheitn^222\  i s  s e t  up
Q -  g(NANfi) VJ .(T )e x p  J l  
kT J
N, E
J (T )exp
kT J
N
B e
* Qr  exP ( -  )
R kT
(2 .2 .8)
w here g(N^Ng) is  th e  s t a t i s t i c a l  w e ig h t f a c t o r ,  and Ng a re  th e  
number o f  th e  io n s  A and B in  th e  r e s in ,  r e s p e c t iv e ly ,  J ^ (T )  and 
J g (T )  a re  th e  p a r t i t i o n  fu n c t io n s  o f  io n s  A and B a t  te m p e ra tu re  T , E^ 
and Eg a re  th e  en e rg y  o f  io n s  A and B in  th e  r e s in  r e la t i v e  to  a 
s u i t a b le  re fe re n c e  s ta te ,  E i s  th e  a d d i t io n a l  ene rgy  due to  B-B p a i r  
in t e r a c t io n  and i s  th e  p a r t i t i o n  fu n c t io n  o f  th e  r e s in  m a t r ix .  In  
o rd e r  to  a p p ly  th e  g rand  p a r t i t i o n  f u n c t io n  to  a p a r t i c u la r  sys tem , 
th e  s t a t i s t i c a l  w e ig h t f a c t o r ,  g(NAN g ), and th e  a d d i t io n a l  ene rgy  te rm ,
E, a re  e v a lu a te d . By d i f f e r e n t i a t i n g  th e  e x p re s s io n  o b ta in e d  w i th  
re s p e c t to  th e  number o f  io n  s p e c ie s  o f  each ty p e  p re s e n t ,  e x p re s s io n s  
f o r  c h e m ica l p o te n t ia ls  o f  io n s  A and B w i t h in  th e  r e s in  a re  d e r iv e d .
The a p p l ic a t io n  o f  G ibbs-Duhem e q u a tio n  to  th e  sys tem  a t  e q u i l ib r iu m ,  
g iv e s  th e  f i n a l  e q u a tio n s  ( 2 . 2 . 9 ) ,  ( 2 .2 .1 0 )  and ( 2 ,2 .1 1 )  f o r  u n i - u n iv a le n t ,  
u n i - b iv a le n t  and u n i - t e r v a le n t  exchange sys tem s, r e s p e c t iv e ly .
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In __ XB »co/ rt
A
(2 .2 .1 0 )
~  In  (K°A f ^ )  =  ln  ^  ™ 2XB * tjj73RT ( 2 .2 .1 1 )
w h e re ,
♦
X^ = th e  e q u iv a le n t  io n ic  f r a c t io n  o f  io n  s p e c ie s  i  i n  th e  
s o lu t io n  phase ,
X,. = th e  e q u iv a le n t  io n ic  f r a c t io n  o f  io n  s p e c ie s  i  i n  th e  
r e s in  phase .
L  = th e  a c t i v i t y  c o e f f i c ie n t  o f  io n  s p e c ie s  i  i n  th e  s o lu t io n  
phase.
C = th e  t o t a l  io n ic  c o n c e n tra t io n  in  th e  s o lu t io n .
(J) = th e  vo lum e c a p a c ity  o f  th e  exchanger in  e q u iv a le n t  p e r
l i t r e .
K B
= th e  s e l e c t i v i t y  c o e f f i c ie n t  in  te rm s o f  e q u iv a le n t  io n ic  
f r a c t i o n s .
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Z A Z TJ
B XB XA CK a = S .--------2-------- (2 .2 .12)
C i Z y. Z * ^
XA B
w here n  « 0 ,  1 and 2 f o r  u n i - u n iv a le n t ,  u n i - b iv a le n t ,  and u n i-  
t e r v a le n t  exchange sys te m s, r e s p e c t iv e ly .
BK-, ** th e  r a t i o n a l  the rm odynam ic  e q u i l ib r iu m  c o n s ta n t a t
A
te m p e ra tu re  T .
CO = an ene rgy  te rm  r e f l e c t i n g  th e  in t e r a c t io n  ene rgy  betw een 
n e ig h b o u r in g  io n s .  P o s i t iv e  v a lu e s  o f  CO co rre s p o n d  to  an in c re a s e  
in  th e  en e rg y  o f  th e  exchanger system s when two B io n s  occupy 
a d ja c e n t exchange s i t e s .
As i s  a p p a re n t fro m  e q u a tio n  ( 2 .2 , 9 ) ,  f o r  a u n i - u n iv a le n t  exchange
r e a c t io n ,  a p lo t  o f  ln [ ( X g X ^ f ^ ) / ( ^ ^ X ^ f ^ ) ]  a g a in s t  XR s h o u ld  be l in e a r
B —
w ith  a s lo p e  o f  -2CO/RT and an in te r c e p t  o f  In  1L a t  X_ = 0 , The
A B
a p p l ic a t io n  o f  e q u a tio n s  (2 .2 .1 0 )  a n d (2 .2 .1 1 )  to  t h e i r  r e s p e c t iv e  
sys tem s, i n  a s im i la r  way, w i l l  g iv e  s lo p e s  o f  -C0/RT and -2C O /3R T f o r  
u n i - b iv a le n t  and u n i - t e r v a le n t  sys tem s , r e s p e c t iv e ly .  A v a lu e  f o r  th e  
s ta n d a rd  f r e e  ene rgy  o f  exchange A g° ,  can be o b ta in e d  fro m  e q u a tio n  
( 2 . 2 . 7 ) ,  t h a t  i s
Ag° —  • RT lu  K +  
A B
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p r o v id in g  th a t  a l l  subs tance s  ta k in g  p a r t  in  th e  re a c t io n s  
t h e i r  r e s p e c t iv e  s ta n d a rd  s ta te s  o f  u n i t  a c t i v i t y .
B ZB 2A —
The p lo t  o f  ln ( K c /  fg  ) a g a in s t  Xg does n o t  a lw ays p roduce
A
a s t r a ig h t  l i n e ,  w h ich  i s  th o u g h t to  be due to  th e  e f f e c t  o f  non­
u n i f o r m i t y  o f  c r o s s - l in k in g  on th e  s e le c t iv e  p r o p e r t ie s  o f  th e  f ix e d  
g roups in  th e  r e s in .  I t  has been shown^ 7 1 )  t h a t  u) v a r ie s  w i th  
c r o s s - l in k in g .  To a l lo w  f o r  t h i s  e f f e c t ,  an e m p ir ic a l  c o r r e c t io n  
f a c t o r  has been in t r o d u c e d ^ 87 268,271 275) £n to  t k e eq uat io n s
( 2 , 2 , 9 ) ,  ( 2 ,2 .1 0 )  and (2 .2 .1 1 )  a lth o u g h  t h i s  c o r r e c t io n  f a c to r  does 
n o t  seem to  be n e ce ssa ry  f o r  u n i - u n iv a le n t  exchange system s ^ 88\  The 
c o r r e c t io n  f a c t o r ,  w h ic h  i s  le s s  th a n  u n i t y  as Xg—>-0, i s  u n i t y  a t  
Xg « 0 .5 ,  and is  g re a te r  th a n  u n i t y  as Xg—® -l,  may be exp ressed  in  
g e n e ra l te rm s by
[1 + A (X b -  XA ) + BCXg -  XA ) 2 + C(Xg -  XA) 3 + ...........]  ( 2 .2 .1 3 )
t
where A ,B  and C a re  n u m e r ic a l w e ig h in g s  f o r  each te rm . The c o r r e c t io n  
f a c t o r  e xp re sse d  by (2 .2 .1 3 )  i s  m u l t ip l ie d  in t o  th e  la s t  te rm  o f  
e q u a tio n s  ( 2 ,2 .9 )  t o ( 2 . 2 , l l )  w h ic h  c o n ta in  to , th e  in t e r a c t io n  energy 
te rm .
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SECTION 3
I N S T R U M E N T A T I O N
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I f  an e le c t ro d e  i s  d ip p e d  in t o  a s o lu t io n  w i t h  th e  r e v e r s ib le  
h a l f - c e l l  r e a c t io n
aA + bB + .......... + ne c  cC + dD + .......... ( 3 .1 .1 )
i t  w i l l ,  a f t e r  re a c h in g  e q u i l ib r iu m ,  deve lop  a p o t e n t ia l  th e  v a lu e  o f  
w h ich  can be g iv e n  by  th e  g e n e ra liz e d  fo rm  o f  th e  N e rn s t e q u a tio n :
( 3 .1 )  P o te n t io m e tr ic  T i t r a t i o n s :
E = E ° + R   (3> 1 . 2)
nF c d 
a C * D
where E° = th e  s ta n d a rd  e le c t r o d e  p o t e n t ia l ;  a c o n s ta n t c h a r a c t e r is t ic  
o f  th e  p a r t i c u la r  h a l f - r e a c t io n .
- I  - 1R = th e  m o la r gas c o n s ta n t = 8 ,314  v o l t  coulom bs degree  m ole
T -  th e  a b s o lu te  te m p e ra tu re .
n = th e  number o f  e le c t r o n s  ta k in g  p a r t  in  th e  r e a c t io n  d e f in e d  by
( 3 . 1 . 1 ) .
F = th e  fa ra d a y  = 96493 cou lom bs.
a_. = th e  a c t i v i t y  o f  th e  r e a c t in g  sp e c ie s  i .
S u b s t i t u t in g  n u m e r ic a l v a lu e s  f o r  th e  v a r io u s  c o n s ta n ts  and c o n v e r t in g  
to  base 10 lo g a r i th m s ,  e q u a tio n  ( 3 .1 .2 )  becomes, a t  25°C
a b
ip _ pO 0 .0 5 9 1  . QA * ° B  ......E “  E . f ------------ l o g ____________ ( 3 .1 .3 )
n d
C * D
As a v e ry  c lo s e  a p p ro x im a t io n ,  a l l  s o l id  phases in v o lv e d  in  th e
103
h a l f - r e a c t io n  a re  a ss ig n e d  u n i t  a c t i v i t y .  S im i la r l y ,  in  d i l u t e  
s o lu t io n s  th e  a c t i v i t y  o f  w a te r  i s  assumed to  be u n i t y .
In  p r a c t ic e ,  th e  a p p l ic a t io n  o f  e q u a tio n  ( 3 .1 .3 )  may be 
c o m p lic a te d . T h is  i s  due to  th e  f a c t  th a t  th e  c o n c e n tra t io n  o f  th e  
s p e c ie s  r a th e r  th a n  t h e i r  a c t i v i t i e s  a re  u s u a l ly  known. T h e re fo re ,  
assum ing th a t  cu «  [ i ]  , e q u a t io n  ( 3 .1 .3 )  reduces to
E -  E° +  £ ± £ ! i  lo g  M * .............
n [CJC [DF...........
w here [ i ]  i s  th e  c o n c e n tra t io n  o f  th e  s p e c ie s  i .  How ever, i t  i s  n o t 
p o s s ib le  to  m easure a s in g le  p o t e n t ia l ,  b u t p o t e n t ia l  d i f fe r e n c e s  can 
be m easured. To do t h i s ,  a re fe re n c e  e le c t ro d e  is  used , th e  s ig n i f ic a n c e  
b e in g  th a t  i t  d e ve lo p s  a p o t e n t ia l  t h a t  i s  n o t dependent on th e  
c o m p o s it io n  o f  th e  s o lu t io n .
In  p o te n t io m e t r ic  t i t r a t i o n ,  changes in  th e  emf o f  an e le c t r o l y t i c  
c e l l  a re  measured as th e  t i t r a n t  o f  p r e c is e ly  known c o n c e n tra t io n  i s  
added to  th e  s o lu t io n  o f  th e  a n a ly te .  The m ethod can be a p p lie d  to  a l l  
t i t r i m e t r i c  r e a c t io n s  p ro v id e d  th a t  th e  a c t i v i t y  o f  a t  le a s t  one o f  th e  
su b s ta n ce s  in v o lv e d  can be fo l lo w e d  by means o f  a s u i t a b le  in d ic a to r  
e le c t r o d e .  Any e le c t r o d e  system  may be used f o r  w h ic h  th e  change o f  
p o t e n t ia l  fo l lo w s  th e  N e rn s t e q u a tio n  ( 3 . 1 . 2 ) .  In  pH m easurem ents, a 
g la s s  e le c t r o d e  i s  u s u a l ly  used as th e  in d ic a t o r  e le c t r o d e  and a 
c a lo m e l e le c t r o d e  as th e  re fe re n c e  e le c t r o d e ,  w h i le  i n  a rg e n to m e tr ic  
t i t r a t i o n s ,  a s i l v e r  e le c tro d e /m e rc u ro u s  s u lp h a te  e le c t ro d e  c o m b in a tio n  
may be used , w here  th e  s i l v e r  e le c t ro d e  i s  th e  in d ic a t o r  e le c t ro d e .
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( 3 .1 .1 )  L ocation  o f  th e  End F o in t :
The c r i t i c a l  p ro b le m  i n  a t i t r a t i o n  i s  to  re c o g n iz e  th e  p o in t  a t  
w h ic h  th e  q u a n t i t ie s  o f  r e a c t in g  s p e c ie s  a re  p re s e n t in  e q u iv a le n t  amounts 
_  th e  e q u iv a le n c e  p o in t .  An o b v io u s  method o f  f in d in g  th e  e q u iv a le n c e  
p o in t  i s  to  p lo t  e .m . f .  o r  pH v a lu e s  as o rd in a te s  v e rs u s  vo lum e (V ) o f  
th e  t i t r a n t  s o lu t io n  as a b s c is s a e , and by in s p e c t io n  d e te rm in e  th e  
v a lu e  o f  V c o rre s p o n d in g  to  th e  maximum s lo p e  o f  th e  c u rv e . A d d it io n s  
o f  t i t r a n t  s h o u ld  be th e  s m a lle s t  a c c u ra te ly  measured in c re m e n ts  t h a t  
p ro v id e  an adequa te  d e n s ity  o f  p o in ts  a c ro s s  th e  pH o r  e .m . f .  ra n g e .
Over most o f  th e  t i t r a t i o n  range  th e  c e l l  e .m . f .  ( o r  pH) v a r ie s  
g r a d u a l ly ,  b u t  n e a r th e  end p o in t  i t  changes v e ry  a b r u p t ly  as th e  
lo g a r ith m  o f  c o n c e n t r a t io n ( s )  undergoes a r a p id  v a r ia t i o n ,  g iv in g  a 
r e s u l t in g  t i t r a t i o n  c u rv e  o f  th e  ty p e  shown in  F ig u re  ( 3 .1 ,a ) .  T h is  
p ro c e d u re  does n o t u s u a l ly  g iv e  th e  m ost a c c u ra te  r e s u l t s ,  s in c e  i t  
in v o lv e s  d ra w in g  th e  b e s t c u rv e  th ro u g h  th e  e x p e r im e n ta l o b s e rv a t io n s ;  
lo c a t io n  o f  th e  p o in t  o f  maximum s lo p e  inay be a m a tte r  o f  p e rs o n a l 
j  udgem ent.
The end p o in t  may be lo c a te d  more p r e c is e ly  by  a n o th e r  g ra p h ic a l 
approach w h ic h  in v o lv e s  a p lo t  o f  th e  change in  p o t e n t ia l  p e r u n i t  
change in  vo lum e o f  t i t r a n t  ( A e /AV) as a f u n c t io n  o f  th e  vo lum e (V) o f  
t i t r a n t  added. H e re , th e  end p o in t  i s  ta k e n  as th e  maximum in  th e  
f i r s t  d e r iv a t iv e  c u rv e , shown in  F ig u re  ( 3 . 1 , b ) ,  and i s  o b ta in e d  by 
e x t r a p o la t io n  o f  th e  e x p e r im e n ta l p o in t s .  The end p o in t  can be f ix e d  
even more p r e c is e ly  fro m  th e  second d e r iv a t iv e  c u rv e  , F ig u re  ( 3 . 1 . c ) ,
w h ich  i s  o b ta in e d  by p l o t t i n g  th e  second d e r iv a t iv e  o f  th e  c e l l  e .m . f .
2 2w ith  re s p e c t o f  vo lum e ( A  E/AV ) v e rs u s  th e  vo lum e o f  t i t r a n t  added.
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F IG .(3 ,1 )  Schematic r e p r e s e n ta t io n  o f  d i f f e r e n t  t i t r a t i o n  curves."
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A t th e  end p o in t  th e  second d e r iv a t iv e  becomes n u m e r ic a l ly  e q u a l to  ze ro  
as th e  v a lu e  o f  th e  o r d in a te  r a p id ly  changes fro m  a p o s i t i v e  to  a 
n e g a t iv e  num ber. A lth o u g h  e i t h e r  o f  th e  above m ethods o f  lo c a t in g  th e  
end p o in t  i s  la b o r io u s  to  do m a n u a lly  f o r  each t i t r a t i o n ,  th e y  become 
fe a s ib le  w i t h  a p p r o p r ia te  in s t ru m e n ta t io n .
( 3 .1 .2 )  A u to m a tic  T i t r a t i o n  T e c h n iq u e :
The c h ie f  advan ta ges  o f  a p o te n t io m e t r ic  t i t r a t i o n ,  compared to  a 
n o rm a l t i t r a t i o n  u s in g  a v is u a l  in d ic a t o r ,  a re  a p p l i c a b i l i t y  to  t u r b id ,  
f lu o r e s c e n t ,  opaque o r  c o lo u re d  s o lu t io n s ,  o r  when s u i t a b le  v is u a l  
in d ic a to r s  a re  u n a v a i la b le  o r  in a p p l ic a b le .  T h is  m ethod p re s e n ts  th e  
p o s s i b i l i t y  o f  a s u c c e s s io n  o f  end p o in ts  in  th e  t i t r a t i o n  o f  a m ix tu re  
and i s  o f te n  th e  o n ly  m ethod f o r  non-aqueous m ed ia . D e s p ite  t h a t ,  a 
p o te n t io m e t r ic  t i t r a t i o n  i s  a te d io u s  and t im e  consum ing o p e ra t io n ,  
when p e rfo rm e d  m a n u a lly  so as to  g iv e  a d e ta i le d  t i t r a t i o n  c u rv e  o r  
m e re ly  to  lo c a te  p r e c is e ly  an end p o in t .  F o r r o u t in e  a n a ly s is  th e  
method does n o t  have th e  speed and s im p l i c i t y  o f  com parab le  p ro ce d u re s  
em p loy ing  v is u a l  in d ic a t o r s .
F o r t h i s  ty p e  o f  t i t r a t i o n ,  how ever, a u to m a tic  equ ipm en t has many 
advantages b u t f o r  a c c u ra c y  and speed o f  o p e ra t io n .  I t  i s  p a r t i c u la r l y  
v a lu a b le  f o r  t i t r a t i o n s  in v o lv in g  s lo w  re a c t io n s  and i f  th e  equ ipm ent 
in c lu d e s  re c o rd in g  f a c i l i t i e s ,  th e  t i t r a t i o n  c u rv e  i s  p ro d u ce d  as th e  
t i t r a t i o n  p roceeds  e n a b lin g  th e  end p o in t  to  be a n t ic ip a te d  w ith o u t  
d i f f i c u l t y .
B a s ic a l ly ,  two ty p e s  o f  a u to m a tic  t i t r a t o r s  a re  c o m m e rc ia lly
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a v a i la b le .  W ith  th e  f i r s t  o f  th e s e , a t i t r a t i o n  c u rv e  i s  p lo t t e d  
a u to m a t ic a l ly ;  th e  end p o in t  i s  th e n  d e te rm in e d  by in s p e c t io n  o f  
t h i s  c u rv e . In  th e  second ty p e ,  th e  t i t r a t i o n  i s  s topped  a u to m a t ic a l ly  
when th e  p o t e n t ia l  o f  th e  in d ic a t o r  -  re fe re n c e  e le c t ro d e  system  
reaches some p re d e te rm in e d  v a lu e ;  th e  volum e o f  re a g e n t d e l iv e re d  can 
th e n  be read  fro m  th e  in s t ru m e n t .
In  th e  p re s e n t w o rk , two d i f f e r e n t  in s tru m e n ts  were used , b o th  
ca p a b le  o f  c a r r y in g  o u t th e  p r e - s e t  end p o in t  t i t r a t i o n s  as w e l l  as 
th e  re c o rd in g  t i t r a t i o n s .  Some o f  th e  e a r l i e r  t i t r a t i o n s  were 
c a r r ie d  o u t w i t h  th e  R a d io m e te r a u to m a tic  t i t r a t o r .  The sch e m a tic  
d iag ram  in  F ig u re  (3 .2 )  shows th e  v a r io u s  u n i t s  i n  t h is  in s tru m e n t.
T h is  in s tru m e n t ,  a lth o u g h  v e ry  s a t is f a c t o r y  had th e  d is a d v a n ta g e  th a t  
o n ly  p o te n t ia l  d i f f e r e n c e  v e rs u s  vo lum e cu rves  c o u ld  be re c o rd e d .
L a te r  w o rk  x9as c a r r ie d  o u t u s in g  th e  r a th e r  more s o p h is t ic a te d  M e t t le r  
equ ipm ent ca p a b le  o f  p l o t t i n g  th e  f i r s t  d e r iv a t iv e  cu rve s  as shovm in  
F ig u re  ( 3 .1 . b ) .  T h is  in s tru m e n t i s  d e s c r ib e d  s c h e m a t ic a l ly  in  
F ig u re  ( 3 . 3 . ) .
W ith  b o th  equ ipm en ts m e n tio n e d  above i t  was p o s s ib le  to  c a r ry  
o u t m ost p o te n t io m e t r ic  t i t r a t i o n s  in c lu d in g  n e u t r a l iz a t io n ,  re d o x , 
p r e c ip i t a t io n  and c o m p le x o m e tr ic  i n  aqueous o r  non-aqueous m ed ia .
Though th e  b a s ic  fe a tu re s  o f  th e  tx-zo in s tru m e n ts  a re  a l i k e ,  a g re a te r  
s e n s i t i v i t y  c o u ld  be a ch ie ve d  in  th e  M e t t le r  t i t r a t o r ,  p a r t l y  as a 
r e s u l t  o f  th e  e le c t r i c a l  r a th e r  th a n  m e ch a n ica l c o n t r o l  o f  th e  c h a r t  
d r iv e  o f  th e  re c o rd e r  by th e  b u r e t te  d r iv e ,  w h ich  i s  a fe a tu r e  o f  th e  
R ad iom e te r t i t r a t o r  .
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FIG (3 .2 )  S chem atic  d ia g ra m  o f  R ad iom e te r a u to m a tic  t i t r a t o r .
T I T R A T I O N
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F IG . (3 ,3 )  S chem atic  d ia g ra m  o f  M e t t le r  a u to m a tic  t i t r a t o r  ,
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S e v e ra l the rm odynam ic m ethods a re  known f o r  d e te rm in in g  th e  
m o le c u la r  w e ig h t o f  a s o lu te  in  a s o lu t io n ,  Among th e s e  a re :  th e  
b o i l i n g  p o in t  ( e b u l l io s c o p ic ) , th e  f r e e z in g  p o in t  ( c r y o s c o p ic ) ,  and th e  
va p o u r p re s s u re  lo w e r in g  m e thods . The vapou r p re s s u re  lo w e r in g  m ethod 
w h ic h  was in t ro d u c e d  by  H i l l  i n  1930 d id  n o t  come in t o  w id e  use a t
th a t  t im e  because th e re  w ere d i f f i c u l t i e s  in  m aking e f f i c i e n t  the rm om ete rs  
a v a i la b le  f o r  d e te c t in g  th e  v e ry  s m a ll te m p e ra tu re  changes in v o lv e d .
I t  was o n ly  a f t e r  th e  d e ve lo p m e n t, in  re c e n t y e a rs ,  o f  th e r m is to r s  t h a t  
t h i s  method has been deve lo p e d  and has become w id e ly  used . Compared to  
o th e r  m ethods, th e  vapou r p re s s u re  lo w e r in g  method has advan tages in  
t h a t  th e  measurem ent can be made a t  a lm o s t any te m p e ra tu re . P o s s ib le  
draw backs w i th  th e  e b u l l io s c o p ic  m ethod, such as th e  p o s s ib le  
d e c o m p o s it io n  o f  s o lu te ,  r e a c t io n  o f  s o lu te  w i th  s o lv e n t  and th e  n e c e s s ity  
o f  u s in g  a r e l a t i v e l y  la r g e  q u a n t i t y  o f  sample in  each o p e ra t io n ,  a re  
g e n e ra l ly  s u c c e s s fu l ly  overcom e w i th  th e  vapou r p re s s u re  m ethod. 
F u r th e rm o re , in  th e  c ry o s c o p ic  m ethod, th e  s o lu te  may n o t  d is s o lv e  in t o  
a homogeneous s o lu t io n  and a g a in  t h i s  is  n o t a p ro b le m  w i th  th e  va p o u r 
p re s s u re  m ethod.
( 3 ,2 .1 )  P r in c ip le s  o f  Vapour P re s su re  L o w e r in g :
I t  i s  a w e l l  known f a c t  th a t  w henever a sub s ta n ce  is  d is s o lv e d  in  
a s o lv e n t  th e  va p o u r p re s s u re  o f  th e  l a t t e r  i s  lo w e re d . T h is  lo w e r in g  
o f  va p o u r p re s s u re  i s  a u s e fu l  p a ra m e te r , s in c e  i t  i s  p r o p o r t io n a l  to  
th e  number o f  s o lu te  m o le c u le s  p re s e n t in  th e  s o lu t io n  (R a o u lt 's  la w ) .
( 3 .2 )  Vapour P ressu re  Osmometry:
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On th e  o th e r  hand, th e  r a te  o f  e v a p o ra t io n  o f  a s o lv e n t  a lo n e  o r  fro m  
s o lu t io n  i s  d i r e c t l y  r e la te d  to  i t s  va p o u r p re s s u re . T h is  means th a t  
th e  h ig h e r  th e  va p o u r p re s s u re ,  th e  g re a te r  w i l l  be th e  r a te  o f  
e v a p o ra t io n  o f  s o lv e n t  fro m  th e  s o lu t io n ,  T h e re fo re ,  a t  a g iv e n  
te m p e ra tu re , th e  va p o u r p re s s u re  (and hence th e  r a te  o f  e v a p o ra t io n )  
o f  a s o lu t io n  w i l l  be lo w e r th a n  th a t  o f  th e  p u re  s o lv e n t .  S ince  th e  
va p o u r p re s s u re  o f  a s o lu t io n  depends upon i t s  c o n c e n tra t io n ,  s o lu t io n s  
o f  d i f f e r e n t  c o n c e n tra t io n  w i l l  have unequa l vapou r p re s s u re s  and , 
l ik e w is e ,  unequa l e v a p o ra t io n  r a te s .
I t  i s  c le a r  th a t  th e  p ro ce sse s  o f  e v a p o ra t io n  and co n d e n s a tio n  
a re  accom panied, r e s p e c t iv e ly ,  by an a b s o rp t io n  and e v o lu t io n  o f  
e n e rg y , s in c e  m o le cu le s  o f  va p o u r p o sse ss , on th e  a v e ra g e , more p o t e n t ia l  
e n e rg y  th a n  th o se  in  th e  l i q u i d  in  e q u i l ib r iu m  w i th  th e  v a p o u r.
T h e re fo re ,  e v a p o ra t io n  causes th e  te m p e ra tu re  o f  a s o lu t io n  (o r  a 
s o lv e n t )  to  decrease  and c o n d e n s a tio n  on a s o lu t io n  (o r  a s o lv e n t)  
causes th e  te m p e ra tu re  o f  th e  l a t t e r  to  in c re a s e .
The d e te rm in a t io n  o f  m o le c u la r  w e ig h t c o u ld  be based upon th e  
measurement o f  va p o u r p re s s u re  d i f fe r e n c e s  betw een two s o lu t io n s ,  
o r  a s o lu t io n  and a p u re  s o lv e n t .  S in ce  i t  i s  d i f f i c u l t  to  measure 
va p o u r p re s s u re  w i th  th e  degree  o f  a c c u ra c y  r e q u ir e d ,  th e  
measurement o f  te m p e ra tu re  d i f fe r e n c e s  between s o lv e n t  and s o lu t io n  a t  
th e  same vapou r p re s s u re  i s  used .
In  th e  vapou r p re s s u re  lo w e r in g  m ethod, t h is  te m p e ra tu re  
measurement i s  a c h ie v e d  by p la c in g  in  a th e rm o s ta t te d  c o n ta in e r  two
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c lo s e ly  m atched th e rm is to r s  each c a p a b le  o f  h o ld in g  a d rop  o f  s o lv e n t  
a n d /o r  s o lu t io n .  In s id e  th e  c o n ta in e r  a p o o l o f  p u re  s o lv e n t  i s  
m a in ta in e d  a t  e q u i l ib r iu m  w i th  th e  e n v iro n m e n t. Because th e  
c o n ta in e r  and th e  th e r m is to r s  a re  in  e q u i l ib r iu m ,  e q u a l r a te s  o f  
e v a p o ra t io n  and c o n d e n s a tio n  e x is t  in  a l l  p a r ts  o f  th e  sys tem .
U n less  t h i s  b a la n c e  i s  u p s e t,  th e  th e rm is to rs  w i l l  re a ch  the  
c o n ta in e r  te m p e ra tu re  and m a in ta in  t h a t  v a lu e ,  p r o v id in g  a s p e c i f ic  
th e r m is to r  r e s is ta n c e .
Each th e r m is to r  fo rm s one le g  o f  a W heatstone b r id g e  c i r c u i t ,  so 
th a t  any change in  r e s is ta n c e  o f  one o r  b o th  th e rm is to rs  w i l l  cause 
an im b a la n ce  o f  th e  b r id g e  and a c o rre s p o n d in g  change w i l l  be 
in d ic a te d  by a m e te r. Any im b a la n ce  can be b a la n ce d  by a d ju s t in g  a 
v a r ia b le  r e s is ta n c e  p la c e d  in  th e  c i r c u i t .  I f  a d rop  o f  s o lv e n t  is  
p la c e d  on each th e r m is to r ,  th e  te m p e ra tu re  and th u s  th e  re s is ta n c e  o f  
each th e r m is to r  w i l l  rem a in  th e  same and th e  b r id g e  w i l l  m a in ta in  
b a la n c e . However, i f  a d rop  o f  s o lu t io n  is  p la c e d  on one th e rm is to r  
and a d ro p  o f  s o lv e n t  on th e  o th e r ,  a b r id g e  im b a la n ce  c o n d it io n  w i l l  
be n o t ic e d  a f t e r  a few  m in u te s . T h is  i s  due to  th e  f a c t  t h a t  e q u a l 
ra te s  o f  c o n d e n s a tio n  and e v a p o ra t io n  o c c u r a t  th e  s o lv e n t  th e r m is to r ,  
whereas u nequ a l r a te s  o f  e v a p o ra t io n  and c o n d e n s a tio n  o c c u r a t  th e  
s o lu t io n  th e r m is to r .
As m en tio n e d  b e fo re ,  e v a p o ra t io n  has a c o o lin g  e f f e c t ,  w h i le  cond­
e n s a t io n  has a w arm ing e f f e c t  on th e  th e r m is to r s .  Because o f  th e  
lo w e r va p o u r p re s s u re  o f  th e  s o lu t io n  d ro p , e v a p o ra t io n  fro m  th a t  d rop  
w i l l  be le s s  th a n  th a t  o f  th e  p u re  s o lv e n t ,  w h ile  c o n d e n s a tio n  on b o th  
th e  s o lu t io n  and th e  s o lv e n t  d rops  w i l l  rem a in  th e  same (c o n d e n s a tio n
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i s  a r e s u l t  o f  th e  e n v iro n m e n t w hereas e v a p o ra tio n  i s  dependent upon 
th e  n a tu re  o f  th e  d rop  p la c e d  on th e  th e r m is to r ) .  The r e la t i v e l y  
g re a te r  c o n d e n s a tio n  on th e  s o lu t io n  d rop  causes th e  te m p e ra tu re  o f  
t h i s  d rop  to  r i s e ;  th e  s o lv e n t  d ro p  m a in ta in s  i t s  o r ig in a l  te m p e ra tu re . 
F o r an id e a l  s i t u a t io n  th e  te m p e ra tu re  r i s e  i s  p re d ic te d  by th e  
C la u s iu s -C la p e y ro n  e q u a t io n :
A t  = ( r t 2 / io o o  A )m  ( 3 . 2 . 1 )
where A i s  th e  la t e n t  h e a t o f  v a p o r iz a t io n  p e r gram o f  s o lv e n t  and m
is  th e  m o la l i t y  o f  th e  s o lu t io n .  F o r th e  r e a l  case , how ever, s m a ll
h e a t lo s s e s  o c c u r ,  c a u s in g  a d d i t io n a l  amounts o f  s o lv e n t  to  condense
and g iv in g  r i s e  to  a s te a d y - s ta te  te m p e ra tu re  d i f f e r e n t i a l  s l i g h t l y
(279)le s s  th a n  th a t  p re d ic te d  by e q u a tio n  ( 3 .2 .1 )  ,
(280)
Bonnar e t  a l . have p re s e n te d  th e  th e o ry  u n d e r ly in g  th e
c ry o s c o p ic ,  e b u l l io s c o p ic  and v a p o u r p re s s u re  lo w e r in g  m ethods f o r  
m o le c u la r  w e ig h t d e te rm in a t io n .  T h e ir  b a s ic  e q u a t io n  w h ich  r e la te s  
th e  te m p e ra tu re  d i f fe r e n c e  o b ta in e d  in  any o f  th e se  m ethods to  
c e r ta in  therm odynam ic q u a n t i t ie s  may be a p p ro x im a te d  and r e w r i t t e n  in  
th e  fo rm :
_ _ 2
RT
A t  =  t —  
A h
WM, /  WM, \ 2 /  WM1 \ 3 ^
^ + V 2 + p ) ^ - i j  +  ( V 3 + 2 p - 6 ) ^ ( 3 . 2 . 2 )
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where fo r  the  vapour pressu re  low ering:
A t  -  d i f f e r e n t i a l  th e r m is to r  te m p e ra tu re
R = gas c o n s ta n t
T = a b s o lu te  te m p e ra tu re  ( A t  i s  v e ry  s m a ll)
A h  = la t e n t  h e a t o f  v a p o u r iz a t io n  o f  s o lv e n t  
W and w = w e ig h ts  o f  s o lu te  and s o lv e n t ,  r e s p e c t iv e ly
and = m o le c u la r  w e ig h ts  o f  s o lu te  and s o lv e n t ,  r e s p e c t iv e ly  
P and 5  -  c o n s ta n ts
H ig h e r te rm s in v o lv in g  and so f o r t h  may be shown to  be
s m a ll and have been n e g le c te d .
Q29)
The v a r ia t io n  o f  th e  re s is ta n c e  o f  a th e r m is to r  has been shown 
to  f o l lo w  th e  r e la t io n s h ip :
w here R is  th e  th e r m is to r  re s is ta n c e  and B th e  th e r m is to r  c o n s ta n t.  I f  
th e  r i s e  in  te m p e ra tu re  o f  th e  s o lu t io n  th e r m is to r  (T ^ -T o ) i s  s m a ll and 
is  re p re s e n te d  b y A T ,  in t e g r a t in g  e q u a tio n  ( 3 .2 .3 )  g iv e s ,
F o r s m a ll changes in  R when R/ RQ ~  1> e q u a tio n  ( 3 .2 .4 )  qan be w r i t t e n  
a s :
d In  R -B ( 3 ,2 .3 )
dT T',2
( 3 .2 .4 )
o
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A t  _ _ j L .  A l
B Ro
o r  A t  = kA R  C 3 .2 .5 )
w here k  i s  a c o n s ta n t in v o lv in g  te m p e ra tu re , th e  th e r m is to r  c o n s ta n t 
and Rq , th e  th e r m is to r  r e s is ta n c e  a t  th e  vapou r p re s s u re  osm om ete r's  
o p e ra t in g  te m p e ra tu re  Tq »
U s in g  r e la t io n s h ip  C 3*2 ,5 ) and c o n v e r t in g  w e ig h ts  to  c o n c e n tra t io n  
and d e n s i ty ,  e q u a t io n  ( 3 .2 ,2 )  may be r e w r i t t e n  a s :
A r / c
RT
k A h i  • 0 2 - L 2 +  C+( V3 « P  - s ) ( “  •
C 3 .2 .6 )
w here p i s  th e  s o lv e n t  d e n s i ty  w h ich  has been assumed to  be equa l to
th e  d e n s ity  o f  th e  s o lu t io n ,  and C is  th e  c o n c e n tra t io n  o f  th e  s o lu t io n
in  g r / r n l .  As e q u a tio n  ( 3 .2 .6 )  shows, a p lo t  o f A r /C a g a in s t  C f o r  any
e
s o lu t io n  s h o u ld  y ie ld  a c u rv e  h a v in g  an in te r c e p t  in v e rs e ly  p r o p o r t io n a l  
to  th e  s o lu te  m o le c u la r  w e ig h t ,  a t  ze ro  c o n c e n tra t io n .  I f  a su bs tance  
o f  known m o le c u la r  w e ig h t is  used and th e  r e s u l t s  a re  p lo t t e d  in  th e  
fo rm  o f A R / C ' ,  w here C' i s  th e  m o la r c o n c e n tra t io n ,  th e  in te r c e p t  w i l l  
y ie ld  th e  c a l i b r a t i o n  c o n s ta n t K f o r  th e  p a r t i c u la r  s o lv e n t .  To 
d e te rm in e  an unknown m o le c u la r  w e ig h t ,  i t  is  th e n  n e c e s s a ry  to  p lo t  
A r /C  v e rs u s  C and to  d iv id e  th e  in te r c e p t  in t o  th e  c a l ib r a t io n  c o n s ta n t :
M2 = K / l im ( A R /C )
C >0
( 3 . 2 .7 )
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The m ost s ig n i f i c a n t  a ssu m p tio n  made h e re  i s  t h a t  th e  p ro ce ss  o f  
c o n d e n s a tio n  on th e  s o lu t io n  d ro p  i s  n o t a d i f f u s io n  phenomenon b u t is  
th e  approach  to  a therm odynam ic e q u i l ib r iu m  w h ic h  may be d e s c r ib e d  by
(n oi \
th e  C la u s iu s  -  C la p e y ro n  e q u a t io n  . The s l i g h t  h e a t lo s s e s  w h ic h  
ta k e  p la c e  by  r a d ia t io n  and c o n v e c t io n  and by c o n d u c tio n  a lo n g  th e  
th e r m is to r  w ire s  w i l l  te n d  to  u p s e t th e  e q u i l ib r iu m  c o n d i t io n s ,  b u t i t  
i s  hoped th a t  e x t r a p o la t io n  to  ze ro  t im e  w i l l  re d u ce  t h is  e f f e c t .
The t im e  re q u ire d  to  e s ta b l is h  th e  " p s e u d o -e q u il ib r iu m "  c o n d i t io n
is  o f  im p o rta n c e  to  th e  d e te rm in a t io n  o f  m o le c u la r  w e ig h t by th e  vapou r
(282)
p re s s u re  lo w e r in g  method . An app roach  g e n e ra l ly  recommended by
th e  m a n u fa c tu re rs  o f  va p o u r p re s s u re  osmometers i s  to  ta k e  re a d in g s
o f  th e  d i f fe r e n c e  in  r e s is t a n c e ( A r ) be tw een th e  s o lu t io n  and th e
s o lv e n t  th e rm is to rs  a f t e r  a f ix e d  t im e ,  o f te n  two m in u te s . Meeks 
(2RI )
and G o ld fa rb  , how eve r, have shown t h a t A R  i s  n o t  a lw ays 
s t a b i l i z e d  a f t e r  two m in u te s  fro m  th e  d e p o s it io n  o f  th e  d ro p . The 
t im e  re q u ire d  to  re a c h  a maximum v a lu e  o f  A R  i s  dependent upon th e  
c o n c e n tra t io n  o f  th e  s o lu t io n .  A f t e r  th e  maximum is  re a ch e d , a more 
o r  le s s  ra p id  d e c l in e  ta k e s  p la c e ,  p resum ab ly  because o f  d i l u t i o n  o f  
th e  s o lu t io n  d ro p . E x t r a p o la t io n  o f  A R  to  ze ro  tim e  g iv in g  A R ^ .  
h a s , th e r e fo r e ,  been c o n s id e re d  e s s e n t ia l  f o r  o b ta in in g  r e l i a b le  
r e s u l t s .
By vapou r p re s s u re  lo w e r in g  method one can s tu d y  th e  a g g re g a tio n  
e q u i l i b r i a  o f  compounds such as lo n g  c h a in  a lky lam m onium  s a l t s  in  
o rg a n ic  s o lv e n ts .  Assum ing th e  e x is te n c e  o f  i-m e r  s p e c ie s , whose 
c o n c e n tra t io n  i s  [A ^ ] , th e  e q u i l ib r iu m  fo rm a t io n  o f  th e  m u lt im e r  A^ 
and i t s  e q u i l ib r iu m  c o n s ta n t k ^  can be g iv e n  by th e  fo l lo w in g  e q u a tio n :
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iA  —  ... fb A. ( 3 .2 .8 )1
k .  = [ A . ] / [ A ] 1 ( 3 .2 .9 )
U s ing  e q u a tio n s  ( 3 .2 .8 )  and ( 3 . 2 . 9 ) ,  th e  sum o f  th e  c o n c e n tra t io n  o f  a l l  
s p e c ie s , T , can be e xp re sse d  in  te rm s o f  and monomer c o n c e n tra t io n
[ A ] :
T ”  Y j  = Y  k i [ AL  “  M  + Y )  k . [ A ] 1 ( 3 .2 .1 0 )^  i. Aiwwf ^  i. ifaiKSV 2  J-
The s to ic h io m e t r ic  o r  a n a ly t i c a l  c o n c e n tra t io n  o f  th e  compound whose 
a g g re g a tio n  e q u i l i b r i a  i s  s tu d ie d ,  S, can be exp ressed  by th e  e q u a tio n :-
s ■ E / Aii -  S X w 1 ■ [A] + X f iki W 1 <3-2-u ) 1 1  2
(132)
Scibona e t  a l . have shown th a t  th e  average a g g re g a tio n  number o f
th e  subs tance  A in  s o lu t io n  i s  r e la te d  to  th e  c o n c e n tra t io n  o f  monomer 
by th e  e x p re s s io n :
- 8 /1  = M 1 <3 -2 - i 2 >
Where n is  th e  ave rage  a g g re g a t io n  num ber.
In  p r a c t ic e ,  th e  v a lu e s  o f  ave rage  a g g re g a tio n  num ber, n , can be 
o b ta in e d  by th e  f o l lo w in g  p ro c e d u re . V a lues o f A r  a re  o b ta in e d  e x p e r i ­
m e n ta lly  f o r  a s e r ie s  o f  s o lu t io n s  c o n ta in in g  a s ta n d a rd  sub s ta n ce  
known to  behave i d e a l l y  in  th e s e  s o lu t io n s  ( f o r  exam p le , s o lu t io n s  o f
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b e n z i l  in  b e n z e n e ), They a re  th e n  p lo t t e d  a g a in s t  th e  c o n c e n tra t io n  o f  
th e  c o rre s p o n d in g  s o lu t io n s .  The measurement o fA R  v a lu e s  and th e  
p lo t t i n g  p ro c e d u re  a re  then  re p e a te d  f o r  a s e r ie s  o f  s ta n d a rd  
s o lu t io n s  o f  th e  unknown su bs tance  whose a g g re g a tio n  b e h a v io u r  i s  
s tu d ie d  in  th e  same s o lv e n t .  Tiro d i f f e r e n t  c u rv e s  a re  g e n e ra l ly  
o b ta in e d . The c a lc u la t io n  o f  n ,  th e  average a g g re g a t io n  num ber, is  
p e rfo rm e d  d iv id in g  th e  v a lu e  o f  th e  s to ic h io m e t r ic  c o n c e n tra t io n  o f  
th e  su b s ta n ce  (S ) by th e  c o n c e n tra t io n  o f  th e  re fe re n c e  s o lu t io n  th a t  
shows th e  same v a lu e  o f A r (T ) .
( 3 .2 .2 )  De s c r ip t io n  o f  t he In s t r u m e n t :
The in s tru m e n t used in  th e  p re s e n t w ork  was a P e rk in -E lm e r  
m o le c u la r  w e ig h t a p p a ra tu s , M odel 115, T h is  in s tru m e n t i s  com prised  o f  
th e  fo l lo w in g  com ponent u n i t s :  an oven assem b ly , a m e a su rin g  cham ber, 
sam ple cham ber, and e le c t r i c a l  system  (see F ig u r e ( 3 . 4 ) ) .
The oven assem b ly  i s  made up o f  a m ain and su b -o ve n , in  w h ich  a 
c o m b in a tio n  o f  a h e a te r  and a fa n  ensu res  a u n ifo rm  d is t r i b u t i o n  o f  
h e a t in s id e  th e  cham ber. The te m p e ra tu re  in s id e  th e  oven is  c o n t r o l le d  
to  a p re s e t le v e l  by means o f  a p r o p o r t io n a l  c o n t r o l  sys tem , w h ich  
c o n t r o ls  te m p e ra tu re  w i t h in  a range  o f  + 0 .1 °C  f o r  th e  m a in -oven  w h ile  
th e  sub -oven  is  c o n t r o l le d  to  w i t h in  + 0 .5 °C . The te m p e ra tu re  o f  th e  
sub.-oven is  m a in ta in e d  a t  a le v e l  3 to  10°C lo w e r th a n  th a t  o f  th e  
m a in -o v e n , so th a t  some o f  th e  h e a t in  th e  m a in -oven  may d is c h a rg e  
c o n s ta n t ly  in t o  i t .  T h is  a llo w s  f o r  a good te m p e ra tu re  s t a b i l i t y  in  
th e  m a in -o ve n . The te m p e ra tu re s  o f  b o th  th e  m a in -o ve n  and th e  sub -oven
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can be m o n ito re d  by th e  the rm om e te rs  lo c a te d  in  th e  re s p e c t iv e  
cham bers, F ig u re  ( 3 . 4 ) .
The m easu ring  cham ber, F ig u re  ( 3 ,5 ) ,  has a d u a l - c e l l  c o n s t r u c t io n .  
B o th  s e c t io n s  a re  f i l l e d  w i t h  s o lv e n t  and a re  e n c lo s e d , b o th  in s id e  
and o u t ,  by s a tu ra te d  va p o u r o f  th e  s o lv e n t .  T h is  p a r t i c u la r  
c o n s t r u c t io n  is  to  m a in ta in  a c o n s ta n t te m p e ra tu re  a round th e  c r i t i c a l  
a re a  o f  th e  th e r m is to r s ;  e v a p o ra t io n  o r  c o n d e n s a tio n  o f  th e  s o lv e n t  a t  
th e  o u te r  w a l l  o f  th e  in n e r  cap se rve s  t h is  p u rp o se . A f i l t e r  cap 
s i tu a te d  between th e  o u te r  and th e  in n e r  caps p ro v id e s  a r e s e r v o i r  o f  
th e  s o lv e n t .  F u r th e rm o re , to  f a c i l i t a t e  th e  p ro d u c t io n  o f  s a tu ra te d  
va p o u r a round  th e  th e r m is to r s ,  th e  in n e r  cap is  l in e d  in s id e  w i t h  a 
f i l t e r  p a p e r. The th e rm is to rs  a re  in s t a l le d  in  an in v e r te d  p o s i t io n  and 
each is  equ ipped  w i t h  a p la t in u m  r in g  mounted a t  th e  upperm ost t i p .
The p la t in u m  r in g  p ro v id e s  a l i q u i d  r e s e r v o i r  a to p  th e  th e rm is to rs  
a l lo w in g  p re c is e  c o n t r o l  o f  th e  amount o f  l i q u id  w h ich  i s  dropped 
fro m  th e  d ro p p in g  p ip e s  and th e r e fo r e  e l im in a t in g  v a r ia t io n s  in  drop 
s iz e .
The sample cham ber, F ig u re  ( 3 .4 ) ,  i s  i n s t a l le d  above th e  m a in -oven  
and accommodates th re e  p is to n - t y p e  s y r in g e s ,  two f o r  s o lv e n t  and one 
f o r  s o lu t io n .  The s y r in g e s  a re  mounted in  a h o r iz o n ta l  p o s i t io n  w i th  
re s p e c t to  th e  th e r m is to r s ,  e l im in a t in g  le a ka g e . The s o lv e n t  and sam ple 
a re  d e l iv e re d  to  th e  th e rm is to r s  by means o f  a screw  d r iv e  system , 
a s s u r in g  a w e l l - r e g u la te d  amount o f  m a te r ia l  d e l iv e re d  a t  each r o t a t io n  
o f  th e  s y r in g e  s a m p lin g  knob .
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FIG (3 .4 )  P e rk in -E lm e r  M odel 115 m o le c u la r  w e ig h t a p p a ra tu s
The e l e c t r i c a l  sys tem  c o n s is ts  m a in ly  o f  a p r o p o r t io n a l  c o n t r o l  
c i r c u i t  t o  m a in ta in  th e  oven te m p e ra tu re s  a t  a c o n s ta n t le v e l ,  and a 
W hea ts tone  b r id g e  c i r c u i t  to  measure th e  d i f f e r e n c e  i n  re s is ta n c e  
( A r ) o f  th e  two th e r m is to r s  w h ich  fo rm  two arms o f  th e  b r id g e .
The fu n c t io n a l  d ia g ra m  o f  th e  in s tru m e n t d e s c r ib e d  above i s  
g iv e n  in  F ig u re  ( 3 .6 ) .  When th e  sam ple s o lu t io n  i s  dropped o n to  th e  
sam ple t h e r m is to r ,  h e a t o f  c o n d e n s a tio n  e m it te d  by  th e  condensed 
va p o u r causes th e  sam ple th e r m is to r  to  reduce  i t s  re s is ta n c e  v a lu e  
and c o n s e q u e n tly ,  to  a l t e r  th e  e l e c t r i c a l  b a la n ce  o f  th e  W heatstone 
b r id g e  c i r c u i t .  The b a la n c e  i s  re s to re d  in  th e  b r id g e  by  a l t e r in g  
th e  r e s is ta n c e  o f  th e  v a r ia b le  r e s is t o r  i n  s e r ie s  w i t h  th e  the rm ­
i s t o r ,  e l e c t r i c a l  b a la n c e  b e in g  shown by th e  ze ro  re a d in g  on th e  
m e te r . The c h a n g e - in - - re s is ta n c e ( A r ) in d ic a te d  by th e  v a r ia b le  
r e s i s t o r  i s  a d i r e c t  f u n c t io n  o f  th e  c h a n g e - in - te m p e ra tu re (  A t ) 
d e te c te d  by  th e  th e r m is to r ,  w h ic h  can be used as th e  b a s is  f o r  
m o le c u la r  w e ig h t c a lc u la t io n s .
The P e rk in -E lm e r  in s t ru m e n t d e s c r ib e d  above has an o p e ra t in g  
te m p e ra tu re  range  o f  room te m p e ra tu re  p lu s  10°C to  70°C , 
c o n t in u o u s ly  v a r ia b le .  In  th e  p re s e n t w o rk , how eve r, i t  was 
d e s ir a b le  to  c a r r y  o u t t h e A r m easurem ents a t  25°C . T h is  was made 
p o s s ib le  when a the rm o e le m e n t a cce s s o ry  s u p p lie d  by th e  m anufac­
tu r e r s  was used in  c o n ju n c t io n  w i t h  th e  in s t ru m e n t .  W ith  t h is  
a c c e s s o ry  a c o n t in u o u s ly  v a r ia b le  range  o f  room te m p e ra tu re  to  70°C 
was a t t a in a b le .
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F IG . (3 ,6 )  F u n c t io n a l d ia g ra m  o f  P e rk in -E lm e r  Model 115 m o le c u la r  
w e ig h t a p p a ra tu s .
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SECTION 4
E X T R A C T I O N
OF
P H O S P H O R I C  A C I D
tv
(4 .1 )  Experim ental:
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( 4 .1 .1 )  R eagents U sed:
a) P h o s p h o r ic  A c id  (H ^PO ^): P h o sp h o ric  a c id  (B .D .H .)  was 88%
" a n a l y t i c a l  r e a g e n t "  w i t h  s p .g r .  = 1 .7 5 .
b ) P o ta ss iu m  D ih yd ro g e n  Phosphate  (KH^PO^): P o ta ss iu m
d ih y d ro g e n  ph o sp h a te  ( B .D .H . ) , " a n a l y t i c a l  re a g e n t" ,  was d r ie d  
o v e rn ig h t  a t  105°C and k e p t i n  a d e s ic c a to r  b e fo re  b e in g  used ,
c ) H y d ro c h lo r ic  A c id  (HC1): H y d ro c h lo r ic  a c id  (B .D .H .)  was
32% " a n a l y t i c a l  r e a g e n t "  w i th  s p .g r .  = 1 .1 6 ,
d) Sodium H y d ro x id e  (NaOH): Sodium h y d ro x id e  (B .D .H .)  was
" a n a l y t i c a l  r e a g e n t " .  The p re p a r a t io n  o f  c a rb o n a te - f re e  sodium  
h y d ro x id e  s o lu t io n s  w i l l  be d e s c r ib e d  in  ( 4 . 1 . 2 ) .
e) T r i - n - o c ty la m in e  ) (n -C g H ^ )^ N , C a ld . M.W. = 3 5 3 .6 8 j :  T r i -
n -o c ty la m in e  (Eastm an Kodak) o f  " p r a c t i c a l  r e a g e n t "  g rade  w ith  
p u r i t y  >95% was used in  the  p r e l im in a r y  e x p e r im e n ts  w i th o u t  any 
f u r t h e r  p u r i f i c a t i o n .  In  l a t e r  s ta g e s , when h ig h  p u r i t y  amine 
was r e q u ir e d ,  i t  was p u r i f i e d  a c c o rd in g  to  th e  m ethod o f  Newman 
and K lo t z ^ 32  ^ by  vacuum d i s t i l l a t i o n  a t  0 .0 4  mm Hg and 133°C , and 
r e d i s t i l l e d  o v e r z in c  (Zn) a t  0 .0 7  mm Hg and 144°C . The i n i t i a l l y  
s l i g h t l y  y e l lo w is h  l i q u i d  was th e re b y  c o n v e rte d  to  a c o lo u r le s s
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p ro d u c t and was s to re d  i n  a brown b o t t l e  and k e p t i n  a c o ld  p la c e .  The 
p u r i t y  o f  th e  f i n a l  p ro d u c t was shown by g a s - l iq u id  ch ro m a to g ra p h y  to
be 100%. The r e f r a c t i v e  in d e x  and s p e c i f ic  g r a v i t y  o f  th e  p u r i f i e d
25 25t r i - n - o c t y la m in e  w ere  fou n d  to  be n^ « 1 .4489 and d^ = 0 .8 1 2  *
r e s p e c t iv e ly ,  w h ic h  ag reed  w e l l  w i th  th e  l i t e r a t u r e  d a ta .
f )  Benzene (C ^H ^ ): Benzene (B .D .H .)  was 11 a n a ly t ic a l  r e a g e n tM and
was used as th e  d i lu e n t  f o r  t r i - n - o c t y la m in e  w ith o u t  any f u r t h e r  
t re a tm e n t.
g) O th e r R eagen ts : A l l  o th e r  re a g e n ts  in v o lv e d  in  th e
p r e p a ra t io n  o f  s o lu t io n s  used f o r  th e  a n a lyse s  were o f  a n a ly t ic a l  
g rade  w h e re e ve r p o s s ib le .  A l l  aqueous s o lu t io n s  were made up w i t h  
d i s t i l l e d  w a te r .
( 4 .1 .2 )  P re p a ra t io n  o f  S o lu t io n s :
a) P re p a ra t io n  o f  O rg a n ic  L a y e rs : The o rg a n ic  la y e r s  w ere e i t h e r
a s o lu t io n  o f  t r i - n - o c t y la m in e  o r  t r i-n -o c ty la m m o n iu m  c h lo r id e  in  
benzene, T r i - n - o c ty la m in e  s o lu t io n s  were made by  d is s o lv in g  
a c c u ra te ly  w e ighed  q u a n t i t ie s  o f  th e  amine in  benzene and m ak ing  up 
th e  s o lu t io n  to  c e r t a in  volum e to  make 0.1M  s o lu t io n s .  F o r th e
p r e l im in a r y  e x p e r im e n ts  t r i - n - o c t y la m in e  s o lu t io n s  w ere made on a 
volum e b a s is  (5% v / v ) .
F o r th e  e x p e r im e n ts  in v o lv in g  t r i-n -o c ty la m m o n iu m  c h lo r id e  as
* (32 )t h e i r  o rg a n ic  la y e r s ,  th e  am ine was f i r s t  c o n v e rte d  ' t o  th e
h y d ro c h lo r id e  s a l t .  T h is  was a c h ie v e d  by  tw ic e  c o n ta c t in g  e q u a l vo lum es 
o f  t r i - n - o c t y la m in e  s o lu t io n  i n  benzene (0 .1M ) and h y d r o c h lo r ic  a c id  
s o lu t io n  (3 .0M ) f o r  te n  m in u te s  in  a s e p a ra t in g  fu n n e l.  A f t e r  
s e p a ra t in g  th e  two phases , th e  o rg a n ic  la y e r  was once more c o n ta c te d  
w i th  an e q u a l vo lum e o f  h y d r o c h lo r ic  a c id  s o lu t io n  (0 .3 M ). The 0.3M  
a c id  c o n ta c t  was in c o rp o ra te d  to  wash o u t any e n tra in e d  3M a c id  and 
a v o id  th e  e x t r a c t io n  o f  excess a c id  to  th a t  n e ce ssa ry  f o r  th e  fo rm a t io n  
o f  th e  s im p le  am ine s a l t .  On a l lo w in g  to  s ta n d  o v e r n ig h t ,  th e  two 
la y e rs  c le a r l y  s e p a ra te d  and th e  u ppe r o rg a n ic  la y e r  was c a r e f u l l y  
w ith d ra w n  a f t e r  d is c a r d in g  th e  lo w e r aqueous la y e r  and rem ov ing  d ro p s  o f  
w a te r  fro m  th e  stem  o f  th e  fu n n e l by means o f  a p ie c e  o f  f i l t e r  p a p e r.
b ) P re p a ra t io n  o f  P h o s p h o ric  A c id  S o lu t io n s :  P h o sp h o ric  a c id
s o lu t io n s  were made by d is s o lv in g  c o n c e n tra te d  p h o s p h o r ic  a c id  ( - '6 3 .5  ml) 
in  d i s t i l l e d  w a te r  and m aking  up th e  vo lum e to  one l i t r e  w i t h  d i s t i l l e d  
w a te r  in  a m e a su rin g  f l a s k .  The r e s u l t a n t  s to c k  s o lu t io n  ( l.O M ) was 
used to  p re p a re  more d i lu t e d  s o lu t io n s  by d i l u t i o n  w i th  d i s t i l l e d  w a te r .
c ) P re p a ra t io n  o f  P o ta ss iu m  D ih y d ro g e n  P hosphate  S o lu t io n s :  A
s to c k  s o lu t io n  o f  p o ta s s iu m  d ih y d ro g e n  phospha te  was made by a c c u ra te ly  
w e ig h in g  68 .045  gram o f  th e  d r ie d  compound ( 4 .1 .1 )  and d is s o lv in g  i t  in  
d i s t i l l e d  w a te r  and m ak ing  up th e  vo lum e to  500 m l w i t h  d i s t i l l e d  w a te r  
in  a m e a su rin g  f l a s k .  The r e s u l t a n t  s to c k  s o lu t io n  (1.000M  ) was
used to  p re p a re  more d i lu t e d  s o lu t io n s  by d i l u t i o n  w i th  d i s t i l l e d  w a te r .
d) C a rb o n a te - fre e  Sodium H y d ro x id e  S o lu t io n s :  Sodium h y d ro x id e
(~5 g r )  was w e ighed  and r in s e d  w i th  a few  m i l l i l i t r e s  o f  d i s t i l l e d  
w a te r  and d is s o lv e d  i n  f r e s h ly  b o i le d  and c o o le d  d i s t i l l e d  w a te r .
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B arium  c h lo r id e  ( 0 .4  g r )  was d is s o lv e d  in  th e  s o lu t io n  to  p r e c ip i t a t e  
th e  d is s o lv e d  ca rbon  d io x id e  i n  th e  s o lu t io n  as b a r iu m  ca rb o n a te  
(BaCOg). The s u p e rn a ta n t c le a r  s o lu t io n  o f  sod ium  h y d ro x id e  
c o n ta in in g  a s l i g h t  amount o f  b a r iu m  was syphoned in t o  a m easu ring  
f la s k  (one l i t r e  c a p a c ity )  a f t e r  th e  s e t t le m e n t o f  th e  p r e d ip i t a t e  a t  
th e  b o tto m  o f  th e  c o n ta in e r . The s o lu t io n  was made up to  th e  m ark by 
u s in g  f r e s h ly  b o i le d  and c o o le d  d i s t i l l e d  w a te r .  The r e s u l t a n t  
s o lu t io n  ( 0 .1M  ) was t r a n s fe r r e d  to  a p o ly th e n e  c o n ta in e r  and
s to re d .  A more d i lu t e d  s o lu t io n  o f  c a rb o n a te - f re e  sodium  h y d ro x id e  
( 0 .01M  ) was p re p a re d  in  th e  same manner u s in g  th e  a p p ro p r ia te
amounts o f  th e  re a g e n ts .
To s ta n d a rd iz e  th e s e  two sodium  h y d ro x id e  s o lu t io n s ,  pu re  
p o ta s s iu m  hyd rogen  p h th a la te  (C^H^(COOH)COOK) was used . A c c u ra te ly  
w e ighed am ounts o f  th e  l a t t e r  c h e m ica l were d is s o lv e d  in  c a rb o n a te -  
f r e e  d i s t i l l e d  w a te r  and t i t r a t e d  a g a in s t  th e  sod ium  h y d ro x id e  
s o lu t io n s ,  u s in g  p h e n o lp h th a le in  as th e  in d ic a t o r .  To e l im in a te  th e  
c o n ta m in a t io n  o f  sodium  h y d ro x id e  and t i t r a t i o n  s o lu t io n s  by th e  
a tm o s p h e r ic  ca rb o n  d io x id e ,  an a rrangem en t was made to  co n n e c t th e  
b u re t te s  d i r e c t l y  to  th e  sodium  h y d ro x id e  p o ly th e n e  c o n ta in e rs .  In  
a d d i t io n ,  th e  b u re t te s  w ere e q u ipp ed  w ith  s o d a - lim e  tu b e s  and n i t r o g e n  
gas was b u b b le d  th ro u g h  th e  s o lu t io n s  under t i t r a t i o n .
( 4 .1 .3 )  K in e t i c s :
B e fo re  em bark ing  on e q u i l ib r iu m  e x p e r im e n ts , i t  was n e ce ssa ry  to  
e s ta b l is h  th a t  th e  r e a c t io n  k in e t ic s  w ere n o t s i g n i f i c a n t l y  s lo w  so 
as to  a f f e c t  th e  r e s u l t s .  To do t h i s ,  e q u a l vo lum es (25 m l) o f  a 
s e r ie s  o f  p h o s p h o r ic  a c id  s o lu t io n s  ( 1 , 0 .1  and 0.01M ) and
126
127
T a b le  (4 .1 )  D e te rm in a t io n  o f  e q u i l ib r iu m  tim e  in  t r i - n - o c t y la m in e  
(5 % v /v ) -p h o s p h o r ic  a c id -b e n ze n e  sys tem . I n i t i a l  
aqueous phase : a) 1 .0  M, b) 0 .1 0  M, c ) 0 .0 1  M phos­
p h o r ic  a c id .
! X p0 / ]
% E =   x  100
i n i t i a l
c o n ta c t  t im e  
(m in )
% E
a b c
1 1 0 .1 27 .4 1 .5
3 1 0 .8 30 .7 1 .7
5 13 .1 37.5 1 .8
7 13 .4 38 .2 1 .9
10 13 .4 38 .1 1 .9
t r i - n - o c t y la m in e  s o lu t io n  (5% v / v )  w ere shaken m a n u a lly  f o r  v a r ia b le  
p e r io d s  o f  t im e  (one -  te n  m in u te s ) . The e q u i l ib r a t io n s  were 
c a r r ie d  o u t a t  room te m p e ra tu re  and i n  q u i c k - f i t  s e p a ra t in g  fu n n e ls  
(100 m l c a p a c i t y ) .
I t  was fo u n d  th a t  because o f  th e  fo rm a t io n  o f  e m u ls io n , th e  
m ix tu re s  had to  be a llo w e d  to  s ta n d  f o r  a lo n g  t im e  to  a l lo w  
co m p le te  phase s e p a ra t io n .  T h e re fo re ,  th e  m ix tu re s  were c e n t r i fu g e d  
in  s to p p e re d  c e n t r i f u g a l  tu b e s  and th e  phases were c a r e f u l l y  
s e p a ra te d  and s e p a ra te ly  a n a ly s e d  f o r  p h o s p h o r ic  a c id  c o n te n t .  The 
method o f  a n a ly s is  i s  d e s c r ib e d  b e lo w  and th e  r e s u l t s  o b ta in e d  a re  
g iv e n  in  T a b le  ( 4 . 1 ) .  As t h i s  ta b le  shows, te n  m in u te s  o f  v ig o ro u s  
manual sh a k in g  i s  enough to  re a c h  e q u i l ib r iu m .  How ever, in  a l l  
f u tu r e  e x p e r im e n ts , th e  phases were shaken f o r  f i f t e e n  m in u te s  to  
make su re  th a t  th e  e q u i l ib r iu m  was re a ch e d ,
( 4 .1 .4 )  Method o f  A n a ly s is :
To a n a ly s e  th e  aqueous phases f o r  p h o s p h o r ic  a c id  c o n te n t in  
th e  above p r e l im in a r y  e x p e r im e n t and fu tu r e  e x p e r im e n ts , a sp e c - 
t r o p h o to m e tr ic  m ethod was f i r s t  chosen w h ich  i s  based on th e  
measurement o f  th e  in t e n s i t y ,  r e l a t i v e  to  a b la n k ,  o f  th e  y e l lo w  
c o lo u r  d eve lop ed  when o r th o p h o s p h a te , vanada te  and m o lyb d a te  io n s  
com bine in  a c id  s o lu t io n s  285)^
Two s o lu t io n s  o f  ammonium m o lyb d a te  (80. g . / l i t )  i n  w a te r 
[ s o lu t io n  A ]  and ammonium m etavanada te  (4 g . / l i t )  i n  a m ix tu re  o f  
60% p e r c h lo r ic  a c id  (600 m l)  and w a te r  (400 m l)  [ s o lu t io n  b ]  were 
used . A c a l ib r a t io n  cu rve  was made up by u s in g  a s ta n d a rd  
s o lu t io n  o f  p o ta s s iu m  d ih y d ro g e n  phosph a te  (0 .6 7 0 0  g . / l i t ) .
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s o lu t io n  A (1  m l) i n  50 m i l l i l i t r e  c a p a c ity  m e a su rin g  f la s k s  and
made up to  th e  m ark w i th  d i s t i l l e d  w a te r .  The o p t i c a l  d e n s i t ie s
(285)w ere m easured a f t e r  f i f t e e n  m in u te s  (c o m p le te  c o lo u r
d e ve lo p m e n t) a g a in s t  a b la n k  s o lu t io n  c o n ta in in g  s im i la r  amounts o f  
m o lyb d a te  and v a n a d a te , b u t  no p h o sp h a te , by u s in g  Unicam  SP500 
s p e c tro p h o to m e te r  a t  390 and 400 mp. By p l o t t i n g  o p t i c a l  d e n s ity  
(A) a g a in s t  c o n c e n tra t io n  (C ) , s t r a ig h t  l in e s  w ere  o b ta in e d  up to
-4
2 x  10 m p o ta s s iu m  d ih y d ro g e n  p h o s p h a te . The a b s o r b t i v i t y ,  E , f o r  
th e  phosphovanadom olybda te  com plex was fo u n d  to  be 3462.59 and 
2749 .83  a t  A “  390 and 400 mp, r e s p e c t iv e ly  ( £  = s lo p e  o f  th e  l i n e
f o r  a p a th  le n g th  o f  1 cm ).
A l iq u o ts  o f  th e  e x t ra c te d  aqueous s o lu t io n s  w ere t r e a te d  in  
th e  same way as th e  s ta n d a rd  p o ta s s iu m  d ih y d ro g e n  phospha te  
s o lu t io n s  to  d e te rm in e  th e  c o n c e n tra t io n  o f  p h o s p h o r ic  a c id  
re m a in in g  in  th e  aqueous phase a f t e r  e x t r a c t io n  w i t h  t r i - n -  
o c ty la m in e .  How ever, a t u r b i d i t y  deve lo p e d  in  th e  m ix tu re s  w h ich  
was fo l lo w e d  by a y e l lo w is h  p r e c ip i t a t e .  The p re se n ce  o f  t h is  
p r e c ip i t a t e  and t u r b i d i t y  in  th e  t r e a te d  s o lu t io n s  made t h is  method 
o f  a n a ly s is  in a p p l ic a b le .
A f t e r  th e  f a i l u r e  i n  a p p ly in g  th e  above m ethod , th e  manual 
a c id -b a s e  t i t r a t i o n  method was chosen . I t  i s  known th a t  p h o s p h o r ic  
a c id  can be t i t r a t e d  as a m ono-, d i - ,  o r  t r i p r o t i c  a c id .  The p H 's  
a t  th e  f i r s t  and second e q u iv a le n c e  p o in ts  a re  £ (pK^+ “  4 .6 6
and \  (p R2 + ~  ^ *7 6 , r e s p e c t iv e ly .  T h e re fo re ,  m e th y lo ra n g e  and
th y m o lp h th a le in  can be used as in d ic a to r s  to  d e te c t  th e  f i r s t  and 
th e  second e q u iv a le n c e  p o in t s ,  r e s p e c t iv e ly .  H ow ever, because th e
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A liq u o ts  o f  t h i s  s o lu t i o n  were mixed w ith  s o lu t i o n  B (1 ml) and then
t h i r d  io n iz a t io n  c o n s ta n t o f  p h o s p h o r ic  a c id  i s  v e ry  s m a ll (Kg — 4 .8  x  
-1 310 ) ,  so t h a t  a s o lu t io n  o f  sodium  phospha te  (Na^PO^) re a c ts  s t r o n g ly
a lk a l in e ,  th e  t i t r a t i o n  to  th e  t h i r d  e q u iv a le n c e  p o in t  i s  n o t p o s s ib le ,  
u n le s s  th e  t r i v a l e n t  p h osph a te  io n  i s  removed fro m  th e  s o lu t io n .  T h is  
i s  u s u a l ly  a c h ie v e d  by th e  a d d i t io n  o f  a la r g e  excess o f  c a lc iu m  
c h lo r id e  a f t e r  re a c h in g  th e  second e q u iv a le n c e  p o in t .
2Na2HP04 + 3CaCl2^ ± - C a 3 (P04) 2 + 4NaCl + 2HC1 ( 4 .1 .1 )
To a n a ly s e  th e  e x t r a c te d  aqueous phases o f  th e  p r e l im in a r y  
e x p e r im e n t*  a l iq u o ts  (10 m l)  o f  th e s e  s o lu t io n s  w ere t i t r a t e d  a g a in s t  
th e  a p p ro p r ia te  s ta n d a rd iz e d  c a rb o n a te - f re e  sod ium  h y d ro x id e  s o lu t io n  
( 0 .1  o r  0.01M ) in  th e  p re se n ce  o f  m e th y lo ra n g e  and th y m o lp h th a le in  
as in d ic a to r s  f o r  th e  f i r s t  and second e n d -p o in ts ,  r e s p e c t iv e ly .  To 
e l im in a te  th e  i n t e r f e r i n g  e f f e c t  o f  b a riu m  io n  p re s e n t in  th e  
c a rb o n a te - f re e  sod ium  h y d ro x id e  s o lu t io n s  i n  th e  t i t r a t i o n  o f  
p h o s p h o r ic  a c id  as a d ib a s ic  a c id ,  an excess amount o f  a sodium  
s u lp h a te  ( a n a ly t ic a l  re a g e n t)  s o lu t io n  was added to  th e  s o lu t io n  u nde r 
t i t r a t i o n  a f t e r  re a c h in g  th e  f i r s t  end p o in t f ^ 88^
However, due to  th e  p re se n ce  o f  b a riu m  s u lp h a te  p r e c ip i t a t e  in  
th e  t i t r a t i o n  v e s s e l,  th e  d e te c t io n  o f  th e  second e n d -p o in t  was found  
to  be d i f f i c u l t  e s p e c ia l ly  f o r  i n i t i a l l y  d i l u t e  s o lu t io n s  o f  
p h o s p h o r ic  a c id .  M o re o ve r, i t  was found  th a t  th e  e x t r a c te d  aqueous 
phase o f  an i n i t i a l l y  d i l u t e  p h o s p h o r ic  a c id  s o lu t io n  ( t h a t  i s ,  0.01M ) 
had a pH v e ry  c lo s e  to  t h a t  w here m e th y lo ra n g e  changes c o lo u r .  
T h e re fo re ,  th e  d e te c t io n  o f  th e  f i r s t  e n d -p o in t  f o r  th e se  s o lu t io n s  
was e n co u n te re d  w i th  d i f f i c u l t y .  Due to  th e se  d i f f i c u l t i e s  i n  th e  
d e te c t io n  o f  th e  e n d -p o in ts ,  th e  m anual t i t r a t i o n  m ethod o f  th e
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aqueous phase , l i k e  th e  m o lyb d iva n a d o p h o sp h a te  m ethod, was abandoned
The t h i r d  and th e  f i n a l  m ethod s tu d ie d  was th e  p o te n t io m e t r ie  
a c id -b a s e  t i t r a t i o n  o f  b o th  aqueous and o rg a n ic  phases by u s in g  th e  
'R a d io m e te r1 a u to m a tic  t i t r a t o r .  The p r in c ip le s  o f  p o te n t io m e t r ic  
t i t r a t i o n s  and th e  d e s c r ip t io n  o f  th e  'R a d io m e te r ' have a lre a d y  been 
d e s c r ib e d  in  s e c t io n  ( 3 . 1 ) ,  The e le c t r o d e  system  used in  th e  
d e te c t io n  o f  th e  e n d -p o in ts  was a g la s s  e le c tro d e -c a lo m e l e le c t ro d e  
c o m b in a tio n , A l iq u o ts  o f  th e  aqueous phases were t i t r a t e d  a g a in s t  
s ta n d a rd iz e d  c a rb o n a te - f re e  sod ium  h y d ro x id e  s o lu t io n s ,  a f t e r  th e  
a d d i t io n  o f  an excess o f  s u lp h a te  io n  to  e l im in a te  th e  in t e r f e r in g  
e f f e c t  o f  b a riu m  io n  in  th e  t i t r a t i o n  o f  p h o s p h o r ic  a c id  as a d ib a s ic  
a c id .  N it ro g e n  gas was passed th ro u g h  th e  t i t r a t i o n  s o lu t io n  to  a v o id  
c o n ta m in a t io n  w i th  a tm o s p h e r ic  ca rb o n  d io x id e .  C le a r  e n d -p o in ts  w ere 
o b ta in e d  in  t h is  m ethod, when th e  pH o f  th e  s o lu t io n  unde r t i t r a t i o n  
was a u to m a t ic a l ly  p lo t t e d  a g a in s t  th e  vo lum e o f  th e  t i t r a n t  ( 3 , 1 . 2 ) .  
Each t i t r a t i o n  c u rv e  c o n s is te d  o f  two i n f l e c t i o n  p o in t s ,  fro m  w h ich  
th e  vo lum e o f  th e  t i t r a n t  used f o r  th e  t i t r a t i o n  o f  p h o s p h o r ic  a c id  as 
a mono- o r  d ib a s ic  a c id  were o b ta in e d .
The a c id  c o n te n t o f  o rg a n ic  phases in  th e  p r e l im in a r y  k i n e t i c  
e xp e rim e n t and th e  f u t u r e  e x p e r im e n ts  was d e te rm in e d  by ta k in g  
a l iq u o ts  (2 m l)  o f  th e  e q u i l ib r a te d  o rg a n ic  phases , a d d in g  them to  
75% e th a n o l (25 m l) and th e n  t i t r a t i n g  w i t h  th e  a p p ro p r ia te  sodium  
h y d ro x id e  s o lu t io n s  (0 .1  o r  0 .0 1 M ). H e re , a g a in  th e  'R a d io m e te r ' 
a u to m a tic  t i t r im e t e r  e q u ipp ed  w i th  g la s s /c a lo m e l e le c t r o d e  system  
was used to  d e te c t  th e  e n d -p o in ts .
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A s e r ie s  o f  te n  o r th o p h o s p h o r ic  a c id  s o lu t io n s  i n  w a te r  c o n ta in in g  
fro m  -0 .0 2  to  = 1 .0  M w ere p re p a re d  by  d i l u t i o n  o f  a s to c k  s o lu t io n  
(1 M ). E q u a l vo lum es (25 m l) o f  each o f  th e se  p h o s p h o r ic  a c id  s o lu t io n s  
w ere shaken m a n u a lly  f o r  15 m in u te s  w i th  a 0 .1  M s o lu t io n  o f  t r i - n -  
o c ty la m in e  i n  benzene (25 m l ) . The e q u i l ib r a t io n s  w ere  c a r r ie d  o u t in  
100 m l c a p a c ity  q u i c k - f i t  s e p a ra to ry  fu n n e ls  and a t  room  te m p e ra tu re .
A f t e r  e q u i l ib r iu m  had been reached  (4 .1 .3 )  th e  m ix tu re s  were 
a llo w e d  to  s ta n d  o v e rn ig h t  to  a l lo w  th e  com p le te  phase s e p a ra t io n .  In  
some ca se s , e s p e c ia l ly  in  th e  case o f  th e  e x t r a c t io n  o f  d i l u t e  s o lu t io n s  
o f  p h o s p h o r ic  a c id ,  in  s p i t e  o f  th e  lo n g  tim e  o f  s ta n d in g  th e  phases 
c o u ld  n o t  be a d e q u a te ly  s e p a ra te d . T h is  was due to  th e  p re se n ce  o f  
e m u ls io n  i n  th e  m ix tu re s  and, hence , c e n t r i f u g a t io n  was n e ce ssa ry  to  
co m p le te  th e  s e p a ra t io n  o f  th e  phases.
A f t e r  th e  co m p le te  s e p a ra t io n  o f  aqueous and o rg a n ic  phases , th e  
d i s t r i b u t i o n  r a t i o  o f  th e  a c id  in  th e  two phases was d e te rm in e d . T h is  
was a c h ie v e d  b y  th e  m easurem ent o f  a c id i t y  o f  th e  aqueous phases. 
A p p ro p r ia te  a l iq u o ts  o f  th e  e q u i l ib r a te d  aqueous phases w ere ta k e n  and 
t i t r a t e d  a g a in s t  s ta n d a rd iz e d  c a rb o n a te - f re e  s o lu t io n s  o f  sodium  
h y d ro x id e  (= 0 .1  o r  = 0 .01  M) w i th  th e  a id  o f  th e  "R a d io m e te r"  a u to m a tic  
t i t r a t i o n  assem bly  ( 3 . 1 . 2 ) .  The p ro c e d u re  fo l lo w e d  has a lre a d y  been 
d e s c r ib e d  ( 4 . 1 . 4 ) .  The c o n c e n tra t io n s  o f  p h o s p h o r ic  a c id  e x tra c te d  in t o  
th e  o rg a n ic  phase w ere  d e te rm in e d  fro m  th e  d i f f e r e n c e  i n  th e  p h o s p h o r ic  
a c id  c o n c e n tra t io n s  o f  th e  aqueous phase b e fo re  and a f t e r  th e  e q u i l ib r iu m .  
M easurem ents o f  pH w ere a ls o  c a r r ie d  o u t o f  th e  aqueous s o lu t io n s  b e fo re  
and a f t e r  th e  e x t r a c t io n  p ro c e s s . The r e s u l t s  o f  t h is  e x p e r im e n t a re
( 4 . 1 . 5 )  E x tr a c t io n  o f  Phosphoric Acid by T r i-n -o c ty la m in e  in  Benzene:
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shown in  T a b le  ( 4 .2 ) .  I t  i s  to  be n o te d  th a t  a c id s  a re  g e n e ra l ly
e x t ra c te d  to  some e x te n t  by  th e  d i lu e n t  i t s e l f  (h e re  b e n z e n e ), b u t  i n
(18 )th e  c o n c e n tra t io n  range  s tu d ie d  h e re  t h is  is  n e g l ig ib le  and 
th e re fo re  no c o r r e c t io n  has been made.
( 4 .1 .6 )  S tudy o f  th e  E f f e c t  o f  pH on th e  E x t r a c t io n  o f  P h o s p h o ric  A c id :
To s tu d y  th e  dependence o f  d i s t r i b u t i o n  c o e f f i c ie n t  o f  p h o s p h o r ic  
a c id ,  betw een th e  aqueous s o lu t io n s  o f  th e  a c id  and benzene s o lu t io n s  
o f  t r i - n - o c t y la m in e ,  on th e  pH o f  th e  aqueous s o lu t io n s ,  two s e ts  o f  
e xp e rim e n ts  were c a r r ie d  o u t .
a) In  th e  f i r s t  s e t ,  a s e r ie s  o f  e le v e n  aqueous s o lu t io n s  were made 
c o n ta in in g  d i f f e r e n t  amounts o f  p h o s p h o r ic  a c id  and p o ta s s iu m  d ih y d ro g e n  
phospha te  w i th  th e  t o t a l  c o n c e n tra t io n  o f  phospha te  i n  each s o lu t io n  
e q u a l to  ~1 M • Two s o lu t io n s  o f  p h o s p h o r ic  a c id  (1 .0 5 5  M) and 
p o ta ss iu m  d ih y d ro g e n  p h osph a te  (1 .0 0 0  M) were used to  p re p a re  th e  above 
s e r ie s  o f  s o lu t io n s  w i th  a pH ra n g e  o f  0 .9 1 -4 .1 9 ,
The e x t r a c t io n  was c a r r ie d  o u t by  sh a k in g  e q u a l vo lum es (25 m l) o f  
each aqueous s o lu t io n  w i t h  0 .1  M s o lu t io n  o f  t r i - n - o c t y la m in e  in  benzene 
(25 m l) a t  room te m p e ra tu re  and i n  s e p a ra to ry  fu n n e ls .  A f t e r  th e  
e q u i l ib r iu m  had been reached  and th e  phases s e p a ra te d , th e  aqueous 
phases were a n a lyse d  by  t i t r a t i o n  a g a in s t  c a rb o n a te - f re e  sodium  h y d ro x id e  
s o lu t io n  (0 .1099  M ) . The t i t r a t i o n s  w ere c a r r ie d  o u t as u s u a l by th e  
"R a d io m e te r"  a u to m a tic  t i t r a t o r ,  and to  e l im in a te  th e  in te r fe r e n c e  o f  
a tm o s p h e ric  ca rb o n  d io x id e ,  n i t r o g e n  gas was b u b b le d  th ro u g h  th e  
t i t r a t i o n  s o lu t io n .  The in te r fe r e n c e  o f  b a riu m  io n  p re s e n t i n  th e  
c a rb o n a te - f re e  sodium  h y d ro x id e  s o lu t io n  was a ls o  e l im in a te d  by th e
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a d d i t io n  o f  an excess amount o f  s u lp h a te  io n  to  th e  t i t r a t i o n  s o lu t io n  
a f t e r  re a c h in g  th e  f i r s t  e n d -p o in t  ( 4 . 1 . 4 ) .
Each t i t r a t i o n  c u rv e  c o n s is te d  o f  two i n f l e c t i o n  p o in ts  o f  w h ich  
th e  f i r s t  was due to  th e  t i t r a t i o n  o f  p h o s p h o r ic  a c id  as a m onobasic 
a c id .  The c o n c e n tra t io n  o f  th e  a c id  in  aqueous phase a t  e q u i l ib r iu m  was 
o b ta in e d  fro m  t h is  i n f l e c t i o n  p o in t .  The second i n f l e c t i o n  p o in t  was 
due to  th e  t i t r a t i o n  o f  p h o s p h o r ic  a c id  as a d ib a s ic  a c id .  The t o t a l  
c o n c e n tr a t io n  o f  phosph a te  p re s e n t in  th e  aqueous phase a t  e q u i l ib r iu m  
c o u ld  be fo u n d  fro m  t h i s  second i n f l e c t i o n  p o in t  w h ic h  was found  to  b e , 
w i t h in  e x p e r im e n ta l e r r o r s ,  e q u a l to  th e  c o n c e n tra t io n  o f  p h o s p h o r ic  
a c id  in  aqueous phase a t  e q u i l ib r iu m ,  p lu s  th e  i n i t i a l  c o n c e n tra t io n  o f  
p o ta s s iu m  d ih y d ro g e n  phospha te  in  th e  aqueous phase . In  o th e r  w o rd s , 
no change in  th e  c o n c e n tra t io n  o f  p o ta s s iu m  d ih y d ro g e n  phospha te  
p re s e n t i n  th e  i n i t i a l  aqueous phase was obse rved  in  th e  e x t r a c t io n  
p ro c e s s .
The c o n c e n t ra t io n  o f  p h o s p h o r ic  a c id  e x t ra c te d  in t o  th e  o rg a n ic  
phase was d e te rm in e d  fro m  th e  d i f f e r e n c e  in  th e  p h o s p h o r ic  a c id  
c o n c e n tra t io n  o f  th e  aqueous phase b e fo re  and a f t e r  th e  e q u i l ib r iu m .  
M easurem ents o f  pH w ere  c a r r ie d  o u t o f  th e  aqueous s o lu t io n s  b e fo re  
and a f t e r  th e  e x t r a c t io n  p ro c e s s . The r e s u l t s  o f  t h i s  e x p e r im e n t a re  
shown in  T a b le  ( 4 . 3 ) .
b ) The second s e t  o f  e x p e r im e n ts  was s im i la r  to  th e  f i r s t ,  th e  o n ly  
d i f f e r e n c e  b e in g  a lo w e r t o t a l  c o n c e n tra t io n  o f  p hosph a te  in  th e  i n i t i a l  
aqueous s o lu t io n s .  A s e r ie s  o f  e le v e n  aqueous s o lu t io n s  was made by 
m ix in g  d i f f e r e n t  p ro p o r t io n s  o f  p h o s p h o r ic  a c id  (0 .2 0 8 9  M) and p o ta s s iu m  
d ih y d ro g e n  p hosph a te  (0 .2 0 0 0  M) s o lu t io n s .  The r e s u l t a n t  s o lu t io n s  had
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a pH ra n g e  o f  1 .3 6 -4 .3 8 .  The r e s t  o f  th e  e x p e r im e n t, t h a t  i s  th e  
e x t r a c t io n  p ro ce ss  and th e  a n a ly s is  o f  th e  phases , w ere  s im i la r  to  
th e  above e x p e r im e n t and th e  r e s u l t s  o b ta in e d  a re  g iv e n  in  T a b le  ( 4 . 4 ) .
( 4 .1 .7 )  E x t r a c t io n  o f  P h o s p h o ric  A c id  th ro u g h  A n io n  Exchange R e a c t io n :
a) T r i - n - o c ty la m in e  H y d ro c h lo r id e -B e n z e n e -P h o s p h o r ic  A c id  System
Due to  th e  lo w  e x t r a c t a b i l i t y  o f  p h o s p h o r ic  a c id  by  t r i - n - o c t y la m in e  
[see  T a b le s  ( 4 . 2 ) ,  (4 .3 )  and ( 4 . 4 ) ] ,  a s m a ll e x p e r im e n t was c a r r ie d  o u t 
on th e  e x t r a c t io n  o f  p h o s p h o r ic  a c id  th ro u g h  an a n io n  exchange r e a c t io n .  
E q u a l vo lum es (25 m l) o f  a s e r ie s  o f  p h o s p h o r ic  a c id  (0 .0 1 -1  M) and 
t r i - n - o c t y la m in e  h y d ro c h lo r id e  (T0A*HC1) (5% v / v )  i n  benzene were 
shaken f o r  15 m in u te s  a t  room te m p e ra tu re  ( f o r  th e  p r e p a ra t io n  o f  
t r i - n - o c t y la m in e  h y d ro c h lo r id e  see s e c t io n  ( 4 . 1 . 2 ) ) .  S im i la r  to  o th e r  
e x p e rim e n ts  w i t h  p h o s p h o r ic  a c id ,  th e  phases were c lo u d y  a f t e r  th e  
e x t r a c t io n  p ro c e s s . T h e re fo re ,  i n  o rd e r  to  s e p a ra te  th e  two phases , 
th e  m ix tu re s  had to  be c e n t r i fu g e d .  A f t e r  th e  s e p a ra t io n  o f  th e  phases , 
th e  aqueous phases were a n a lyse d  f o r  h y d r o c h lo r ic  a c id  and p h o s p h o r ic  
a c id  c o n te n t by  p o te n t io m e t r ic  a c id -b a s e  t i t r a t i o n  ( 4 . 1 . 4 ) .  Due to  th e  
la rg e  d i f f e r e n c e  betw een th e  io n iz a t io n  c o n s ta n ts  o f  p h o s p h o r ic  a c id  as 
mono- and d i - b a s ic  a c id s  and th e  co m p le te  io n iz a t io n  o f  h y d r o c h lo r ic  
a c id ,  i t  was p o s s ib le  to  measure th e  c o n c e n tra t io n  o f  b o th  a c id s  
s im u lta n e o u s ly  fro m  one s in g le  t i t r a t i o n .  The f i r s t  i n f l e c t i o n  p o in t  
i n  th e  t i t r a t i o n  cu rve  o f  th e  aqueous phase was due to  th e  n e u t r a l iz a t io n  
o f  h y d r o c h lo r ic  a c id  and o f  p h o s p h o r ic  a c id  as a m onobasic  a c id .  The 
second i n f l e c t i o n  p o in t  re p re s e n te d  th e  n e u t r a l iz a t io n  o f  p h o s p h o r ic  
a c id  as a d ib a s ic  a c id .  From th e  d i f f e r e n c e  betw een th e  two i n f l e c t i o n  
p o in t s ,  th e  c o n c e n tra t io n  o f  h y d r o c h lo r ic  a c id  i n  th e  aqueous phase was
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o b ta in e d .  The r e s u l t s  o f  t h i s  e x p e rim e n t have been g iv e n  in  
T a b le  ( 4 . 6 ) .
b ) T r i - n - o c ty la m in e  H y d ro c h lo r id e -B e n z e n e -P o ta s s iu m  D ih yd ro g e n  
P hospha te  System :
T a b le  (4 .6 )  shows t h a t  v e ry  l i t t l e  p h o s p h o r ic  a c id  is  e x tra c te d  
in t o  th e  o rg a n ic  phase by  t r i - n - o c t y la m in e  h y d ro c h lo r id e  in  benzene.
As p h o s p h o r ic  a c id  e x is ts  m o s t ly  as th e  u n d is s o c ia te d  fo rm  in  th e  
c o n c e n t ra t io n  range  s tu d ie d ,  i t  was d e c id e d  to  use p o ta s s iu m  d ih y d ro g e n  
phospha te  s o lu t io n s  in s te a d .
T h is  e x p e r im e n t was c a r r ie d  o u t as above, th e  o n ly  d i f f e r e n c e  b e in g
»
t h a t  s o lu t io n s  o f  p o ta s s iu m  d ih y d ro g e n  phosphate  (0 .0 1 -1  M) w ere used in  
p la c e  o f  p h o s p h o r ic  a c id .  In  th e  t i t r a t i o n  c u rv e s , th e  f i r s t  and th e  
second i n f l e c t i o n  p o in ts  re p re s e n t th e  n e u t r a l iz a t io n  o f  h y d r o c h lo r ic  
a c id  and o f  p h o s p h o r ic  a c id  as a d ib a s ic  a c id ,  r e s p e c t iv e ly .  The 
r e s u l t s  o f  t h i s  e x p e r im e n t a re  shown in  T ab le  ( 4 , 7 ) .
c) Back E x t r a c t io n  o f  P h o s p h o r ic  A c id  fro m  th e  O rg a n ic  Phase by 
H y d ro c h lo r ic  A c id :
I t  seemed fro m  th e  r e s u l t s  o f  the  above two e x p e r im e n ts  t h a t  
p h o s p h o r ic  a c id  c o u ld  n o t  be e x t ra c te d  in t o  th e  o rg a n ic  phase th ro u g h  
th e  a n io n  exchange w i th  th e  c h lo r id e  io n  p re s e n t i n  th e  o rg a n ic  
s o lu t io n  o f  t r i - n - o c t y la m in e  h y d ro c h lo r id e .  T h e re fo re  a f u r t h e r  
e x p e r im e n t was c a r r ie d  o u t  i n  w h ich  p h o s p h o r ic  a c id  s o lu t io n s  (0 .0 2 -1  M) 
w ere f i r s t  e x t r a c te d  by  t r i - n - o c t y la m in e  s o lu t io n  (0 .1  M) i n  benzene
( 4 . 1 . 5 ) .  Then, e q u a l vo lum es (20  m l) o f  each o f  th e  o rg a n ic  phases 
o b ta in e d  above and o f  a h y d r o c h lo r ic  a c id  s o lu t io n  (0 .1  M) w ere shaken
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f o r  15 m in u te s  in  s e p a ra to ry  fu n n e ls  and a t  room te m p e ra tu re . A f t e r  th e  
s e p a ra t io n  o f  th e  phases by  c e n t r i f u g a t io n ,  th e  aqueous phases w ere 
s e p a ra te ly  a n a ly s e d  f o r  p h o s p h o r ic  a c id  and h y d r o c h lo r ic  a c id  c o n te n t 
by  p o te n t io m e t r ic  a c id -b a s e  t i t r a t i o n  w i th  c a rb o n a te - f re e  sodium  
h y d ro x id e  s o lu t io n s  ( 4 . 1 . 4 ) .  As m en tioned  i n  (a ) above , a s in g le  
t i t r a t i o n  f o r  each aqueous phase was s u f f i c i e n t  to  d e te rm in e  th e  
c o n c e n tra t io n  o f  h y d r o c h lo r ic  and p h o s p h o r ic  a c id s  s im u lta n e o u s ly .  The 
c o n c e n tra t io n  o f  th e  a c id s  in  th e  o rg a n ic  phases w ere  o b ta in e d  by  
s u b t r a c t io n  fro m  th e  i n i t i t a l  amounts o f  th e  a c id s  p re s e n t i n  th e  sys tem .
The a lm o s t co m p le te  b a c lc -e x t ra c t io n  o f  p h o s p h o r ic  a c id  obse rved  
i n  t h is  sys tem  i s  shown i n  T a b le  ( 4 . 8 ) .
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P h o s p h o ric  a c id  i s  t r i b a s i c  w i t h  th e  f o l lo w in g  d is s o c ia t io n
_ „  (287)c o n s ta n ts  :
k x = 7 .52  x  10“ 3 ( 4 .2 .1 )
k 2 = 7 .99  x  IO -8 ( 4 .2 .2 )
lc3 = 4 .8  x  l C f 13 ( 4 .2 .3 )
T h e re fo re ,  as th e  a c id i t y  o f  th e  s o lu t io n  r is e s  th e  c o n c e n tra t io n  o f  
th e  lo w e r charged s p e c ie s  w i l l  in c re a s e  and as i t  f a l l s  th e  c o n c e n tra t io n  
o f  the. h ig h e r  cha rged  s p e c ie s  w i l l  in c re a s e .
Assum ing th a t  a l l  d i f f e r e n t  s p e c ie s  p re s e n t i n  a s o lu t io n  o f  
p h o s p h o r ic  a c id  a re  e x t r a c ta b le ,  th e n  th e  fo l lo w in g  e x t r a c t io n  re a c t io n s  
can be w r i t t e n  i n  a n a lo g y  w i t h  th e  e x t r a c t io n  o f  o th e r  a c id s :
( 4 .2 )  R e s u l t s :
( 4 .2 .1 )  E x tr a c t io n  o f  Phosphoric Acid by T r i-n -o c ty la m in e  in  Benzene:
3R3N + 3H+ + PO3" ^  (R3NH) 3P04 (4 .2 .4)
2 (R3NH) 3P04 + 2H+ + HP02“ ^ = +  3(R3NH)2HPOu (4 .2 .5 )
(R3NH)2HPOft + H+ + H2P0^ ; = ±  2(R3NH)H2POi* (4 .2 .6 )
(R3NH)H2P0it + H+ + H2PO4 (R3NH)H2P0i,*H3P04 (4 .2 .7)
w here th e  b a rre d  fo rm u la e  re p re s e n t  th e  o rg a n ic  phase s p e c ie s .
I n  th e  e x t r a c t io n  o f  p h o s p h o r ic  a c id  fro m  aqueous s o lu t io n s  
( 0 .0 2 - 1 .0  M) by 0 .1  M t r i - n - o c t y la m in e  in  benzene (T a b le  ( 4 . 2 ) ) ,  th e  
a c id i t y  o f  th e  o rg a n ic  phase in c re a s e s  a lm o s t r a p id ly  w i th  th e  a c id i t y
H3P 04^=±  H2P04 + H+ 
H z P O ^ g ^ H P O ^  + H+ 
HP04~^=± PO3”  + H+
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o f  th e  aqueous phase b e lo w  0 .1  M and reaches a b o u t a t h i r d  o f  th e  t o t a l  
c o n c e n tra t io n  o f  th e  am ine p re s e n t i n  th e  o rg a n ic  phase , b u t  th e  
in c re a s e  i s  more g ra d u a l above t h is  c o n c e n tra t io n .  I n  f a c t ,  as a
lo g a r i th m ic  p lo t  o f  th e  o rg a n ic  phase c o n c e n tra t io n  o f  p h o s p h o r ic  a c id
( lo g [H 3P0 »J o )v e rs u s  i n i t i a l  c o n c e n tra t io n  o f  p h o s p h o r ic  a c id  i n  th e  
aqueous phase ( lo g [H 3P04] i n  F ig u re  (4 .1 )  shows, a l in e a r  r e la t i o n ­
s h ip  e x is ts  be tw een th e  o rg a n ic  and i n i t i a l  aqueous phase a c id i t i e s  
b e lo w  0 . 1  M p h o s p h o r ic  a c id  i n i t i a l l y  p re s e n t i n  th e  aqueous phase .
H ow ever, as T a b le  (4 .2 )  c le a r l y  shows, a maximum e x is ts  i n  t h is  
e x t t a c t io n  sys tem  a t  w h ich  o n ly  30% o f  th e  i n i t i a l  p h o s p h o r ic  a c id  is  
e x t r a c te d .  T h is  maximum o ccu rs  a t  ~0 .2  M a c id  c o n c e n tra t io n  where th e  
f i n a l  pH o f  th e  aqueous s o lu t io n  i s  ~ 1 .5 . I t  can v e ry  e a s i ly  be shown
th a t  a t  pH = 1 .5 ,  w here  th e  maximum e x t r a c t io n  o c c h ts ,  th e  o n ly
m a jo r io n ic  s p e c ie s  p re s e n t i n  th e  aqueous s o lu t io n  i s  th e  d ih y d ro g e n  
phospha te  io n  (~19%) and th e  r e s t  o f  th e  p h o s p h o r ic  a c id  e x is t s  i n  th e  
fo rm  o f  th e  u n d is s o c ia te d  H3PCN s p e c ie s  (~81% ); c o n s id e r in g  C as th e  
t o t a l  c o n c e n t ra t io n  o f  p h o s p h o r ic  a c id  in  th e  s o lu t io n ,  th e  m a te r ia l  
b a la n ce  w i l l  b e :
C = [H 3P O J + [H2P 0 J  + [HPOq“ ] + [PO l~ ]  ( 4 ,2 .8 )
As
[H2P0q] [H+]
k ,  =   = 7 .5 2  x  10
[H 3P 0 „]
[H P O n  [H+]
k 2 =     = 7.99  x  10
[H2P 0 J
t p o r i  m b
k 3 =   = 4 .8  x  10
[HPO.- ]
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2-%S u b s t i t u t in g  k i , k 2 and k 3 i n t o  ( 4 .2 .8 )  to  e l im in a te  [H2P043 , [HPOk ]
3 - .and [PO^ 3 g iv e s
C = [H 3PO J 1 +
k i  k xk 2 k i k 2k 3‘
[H 3 [H 32 [H^3 3 J
o r
[H 3PO J = ChLrH [hV[  ] 3 + k*[H ] 2 + k i k 2 [H ] + k i k 2k 3. ( 4 .2 .9 )
# 9 — 2— 3 —
S im i la r  e x p re s s io n s  f o r  [H2P043» [HPOk 3 and [P0 4 3 a re  o b ta in e d  in  th e  
same way:
1 [H2POi*] = C
M H +] 2
.[H ] 3 + k x [H 3 2 + k i k 2 [H ] + k i k 2k 3-
(4 .2 .1 0 )
[HP0k ] = C
k j k 2 [H+3
-[H +3 3 + k 1 [H+] 2 + k i k 2 [H+] + k 1k 2k 3-
(4 .2 .1 1 )
[PoJ ] = C
k i k 2k 3
[H+3 3 + k i  [H+32 + k i k 2 [H+ ] + lc ik 2k 3] (4 .2 .1 2 )
C o n s id e r in g  th e  v e ry  s m a ll v a lu e s  o f  k 2 and lc3 a g a in s t  k i , i t  i s  e a s i ly  
seen th a t  a t  pH ’ s betw een 0 -4  th e  te rm s k x k 2 [H+3 and k i k 2k 3 a re  n e g l ig ib le  
i n  com parison  to  th e  o th e r  te rm s  in  e q u a tio n s  ( 4 ,2 .9 )  to  ( 4 .2 .1 2 ) .  
T h e re fo re  th e  o n ly  m a jo r s p e c ie s  p re s e n t a t  t h is  range  a re  th e  
u n d is s o c ia te d  p h o s p h o r ic  a c id  (H 3P0,,) and d ih y d ro g e n  phospha te  io n  
(H2P04) ,  th e  p e rc e n ta g e  o f  w h ic h  can be c a lc u la te d  fro m  ( 4 ,2 .9 )  and
( 4 .2 .1 0 ) .
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To s tu d y  th e  pH dependence o f  th e  e x t r a c t io n  o f  p h o s p h o r ic  a c id  by 
t r i - n - o c t y la m in e ,  e x p e rim e n ts  i n  ( 4 . 1 . 6) were c a r r ie d  o u t ,  i n  w h ich  
e x t r a c t io n s  w ere c a r r ie d  o u t fro m  aqueous s o lu t io n s  c o n ta in in g  e q u a l 
amounts o f  p hosph a te  ( [H 3PO1J  + [KH2P04] = c o n s ta n t = ~ 0 .2  o r  1 .0  M ), 
b u t  w i th  v a r y in g  pH ’ s . The r e s u l t s  o f  th e se  e x p e r im e n ts  have been 
g iv e n  in  T a b le s  (4 .3 )  and ( 4 . 4 ) .  P lo ts  o f  d i s t r i b u t i o n  c o e f f ic ie n t s  
(D °) v e rs u s  th e  pH o f  th e  aqueous s o lu t io n s  a t  e q u i l ib r iu m  a re  shown ina
F ig u re  (4 .2 )  and , f o r  th e  sake o f  co m p a riso n , a s im i la r  p lo t  f o r  th e  
e x t r a c t io n  o f  p h o s p h o r ic  a c id  o f  v a ry in g  c o n c e n tra t io n  is  a ls o  g iv e n  
i n  t h i s  f i g u r e .  The l a t t e r  p lo t  was drawn fro m  th e  d a ta  in  T a b le  ( 4 . 2 ) .
F ig u re  (4 *2 )  c le a r ly  shows th e  s tro n g  pH dependence o f  th e  
e x t r a c t io n  o f  p h o s p h o r ic  a c id  by  t r i - n - o c t y la m in e .  An in c re a s e  in  th e  
pH o f  aqueous s o lu t io n  s h a rp ly  decreases th e  e x t r a c t io n  c o e f f i c ie n t  o f  
p h o s p h o r ic  a c id .  T h is  e f f e c t  seems to  be more p ronounced  in  th e  case 
o f  d i l u t e  s o lu t io n s  (c u rv e  b ) i n  com parison  to  t h a t  o f  c o n c e n tra te d
j
ones (c u rv e  c ) . I n  th e  tw o system s s tu d ie d ,  th e re  i s  p r a c t i c a l l y  no j
e x t r a c t io n  beyond pH = 3 . T h is  c o u ld  in d ic a te  th e  p ro b a b le  in v o lv e m e n t 
o f  o n ly  th e  d ih y d ro g e n  phospha te  io n  (H2P04) as th e  aqueous phase io n ic  
s p e c ie s  in  th e  e x t r a c t io n  p ro c e s s .
The d a ta  g iv e n  in  T a b le  (4 .2 )  in d ic a te  t h a t  th e  e x t r a c t io n  o f  
p h o s p h o r ic  a c id  goes beyond th e  s to ic h io m e t r ic  re q u ire m e n ts  shown in  
re a c t io n s  ( 4 .2 .4 )  to  ( 4 .2 ,6 )  and an excess amount o f  p h o s p h o r ic  a c id  is  
e x t ra c te d  in t o  th e  o rg a n ic  phase . In  o th e r  w o rd s , th e  r a t i o  o f  th e  
o rg a n ic  phase c o n c e n tra t io n  o f  p h o s p h o r ic  a c id  to  th e  t o t a l  
c o n c e n tra t io n  o f  t r i - n - o c t y la m in e  p re s e n t in  th e  system  (0 . 1  M) exceeds 
u n i t y  ( [H3P01j ]  0/[T O A ] > 1 ) .  T h is  can be c le a r ly  seen i n  F ig u re  (4 .3 )  
where th e  [H 3P 0 iJ  0/ [TOA] ^  r a t i o  has been p lo t t e d  a g a in s t  th e  i n i t i a l
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[ h 3 p o 4 ] i - M
F IG . (4 ,1 )  V a r ia t io n  i n  a c id i t y  o f  o rg a n ic  phase w i th  i n i t i a l  aqueous 
a c id  c o n c e n t ra t io n  f o r  th e  e x t r a c t io n  o f  p h o s p h o r ic  a c id  
w i th  0 . 1  M t r i - n - o c t y la m in e  in  benzene.
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F IG . ( 4 ,3 )  V a r ia t io n  i n  a c id :  amine r a t i o  w i t h  i n i t i a l  aqueous a c id
c o n c e n t r a t io n  in  th e  e x t r a c t io n  o f  p h o s p h o r ic  a c id  by 
0 , 1  M t r i - n - o c t y la m in e  in  benzene.
148
id e a l iz e d  c u rv e  has been f i t t e d  o n to  th e  e x p e r im e n ta l p o in ts  w h ich
c le a r ly  shows a change o f  g r a d ie n t  a t  th e  b o rd e r  betw een two d i f f e r e n t
r e g io n s .  T h is  i s  an in d ic a t io n  o f  th e  p resence  o f  d i f f e r e n t  r e a c t io n s
in  d i f f e r e n t  re g io n s .  U n fo r tu n a te ly ,  th e  number o f  e x p e r im e n ta l p o in ts
i n  re g io n s  B and C a re  i n s u f f i c i e n t  to  s u p p o rt th e  above c o n c lu s io n .
However, Sato  , who w orked  on th e  same sys tem , assumed th e  o c c u rre n c e
o f  re a c t io n s  o f  th e  ty p e  g iv e n  i n  ( 4 .2 ,4 )  to  ( 4 . 2 . 6 ) .  A l in e a r
r e la t i o n  was f o u n d b e t w e e n  lo g D ° and lo g [T O A ]_ , th e  s lo p e  o f  w h ichE X
decreased  as th e  aqueous a c id i t y  in c re a s e d  (1 .4 5  and 0 ,9 5  f o r  0 .2  and 
5 ,0  M, r e s p e c t iv e ly ) .  Based on th e se  f in d in g s  and in f r a r e d  s p e c tro s c o p ic  
e v id e n c e , Sato  assumed th e  above m e n tio n e d  r e a c t io n s .
( 4 .2 .2 )  D e te rm in a t io n  o f  th e  C o m p o s it io n  o f  th e  E x t ra c te d  Compounds 
and t h e i r  E x t r a c t io n  C o n s ta n ts :
The d a ta  i n  T a b le  (4 .2 )  w ere  used to  d e te rm in e  th e  c o m p o s it io n  
and e q u i l ib r iu m  c o n s ta n ts  o f  th e  e x t r a c te d  compounds, I n  th e  p re v io u s  
s e c t io n  i t  was m en tioned  t h a t  th e  d ih y d ro g e n  phospha te  io n  i s  th e  o n ly  
m a jo r io n ic  s p e c ie s  p re s e n t i n  th e  aqueous s o lu t io n  in  th e  c o n c e n tra t io n  
range  s tu d ie d  h e re .  M o re o ve r, F ig u re  (4 .3 )  seemed to  in d ic a te  th a t  th e  
e x t r a c t io n  o f  p h o s p h o r ic  a c id  o c c u rs  w i th  d i f f e r e n t  s to ic h io m e t r ie s ;  
as th e  aqueous phase a c id i t y  in c re a s e s  th e  r a t i o  o f  p h o s p h o r ic  a c id  in  
th e  o rg a n ic  phase s p e c ie s  in c re a s e s .
W ith  th e  a id  o f  th e  l im i t e d  amount o f  l i t e r a t u r e  d a ta ^ 1 8 ,9 °  9 3 ,2 8 8 ) 
on th e  e x t r a c t io n  o f  p h o s p h o r ic  a c id ,  th e  f o l lo w in g  r e a c t io n ,  w h ich  le a d s  
to  the  p ro d u c t io n  o f  a compound w i t h  th e  r a t i o  [HgPOjJ / [TOA] = 1 i n  th e  
o rg a n ic  phase , can be w r i t t e n :
co n c e n tr a t io n  o f  phosphoric  a c id  in  the  aqueous s o lu t i o n .  A r e l a t i v e l y
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S m irnov and G o r lo v ^ 0  ^ showed b y  use o f  c ry o s c o p ic  m ethods t h a t  a compound
o f  th e  ty p e  (R 3NH)H2P0k i s  fo rm ed in  th e  e x t r a c t io n  o f  p h o s p h o r ic  a c id  a t
lo w  a c id i t y ,  w h ic h  p o ly m e r iz e s  as th e  p h o s p h o r ic  a c id  c o n c e n tra t io n  in
(92 )th e  o rg a n ic  phase i s  in c re a s e d . Shevchuck e t  a l .  a ls o  fou n d  th e  above 
o rg a n ic  phase s p e c ie s  in  th e  e x t r a c t io n  o f  a m ix tu re  o f  o r th o p h o s p h o r ic  
and p y ro p h o s p h o r ic  a c id s  by  t r i - n - o c t y la m in e  in  c h lo ro fo rm .
Now, th e  e q u i l ib r iu m  c o n s ta n t f o r  r e a c t io n  ( 4 .2 .1 3 )  is  
(T0AHH2P0k)
K i !  -  - =  T  ( 4 .2 .1 4 )
(TOA) (11 ) (H2P0k)
o r
K 1 1  =      3 ---------------------------------  ( 4 .2 .1 5 )
[TOA] [H ] [H2P0i,] * f f o A ,>fH + * fH 2P04
where (X ) ,  [X ] and f ^  re p re s e n t th e  a c t i v i t y ,  th e  c o n c e n tra t io n  and th e  
a c t i v i t y  c o e f f i c ie n t  o f  th e  sp e c ie s  X, r e s p e c t iv e ly .  I n  o rd e r  to  t r e a t  
th e  e x p e r im e n ta l d a ta  i n  T a b le  (4 .2 )  a c c o rd in g  to  r e a c t io n  ( 4 .2 * 1 3 ) ,  
c e r ta in  assum p tions  had to  be made.
1) As th e  a c t i v i t y  c o e f f ic ie n t s  o f  th e  o rg a n ic  phase sp e c ie s  a re
r a r e ly  known f o r  am ine e x t r a c t io n  sys tem s, i t  i s  assumed he re  th a t  th e
r a t i o  f T O A H H 2P O i / f t f O A  i s  c o n s t a n t *
2) The a c t i v i t y  c o e f f ic ie n t s  o f  m onova len t io n s  a re  e q u a l,  th a t  i s
f  + = f
r H H2P04
TOA + H+ + H2P0k ^=;T0AHH2P04 ( 4 .2 .1 3 )
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3) The m easured pH a t  e q u i l ib r iu m  o f  th e  aqueous phase i s  e q u a l to  
- lo g ( H +) .
4) I n  th e  c o n c e n tra t io n  range  s tu d ie d ,  th e  c o n c e n tra t io n  o f  h yd rogen  
io n  i s  e q u a l to  th e  c o n c e n tra t io n  o f  d ih y d ro g e n  phospha te  io n ,  t h a t  i s
[H+ ] = [H2P0 j
5) The change i n  th e  vo lum e o f  th e  phases d u r in g  th e  e x t r a c t io n  i s
. .  . . .  (288 ) n e g l ig ib le
C o n s id e r in g  th e  above a s s u m p tio n s , th e  a p p a re n t e x t r a c t io n  c o n s ta n t 
f o r  r e a c t io n  ( 4 .2 .1 3 ) ,  K ] j ,  w i l l  be
[TOAHH2PO^]
K h  =     ( 4 .2 .1 6 )
[TO A](H  ) 2
By ta k in g  lo g a r i th m  fro m  e q u a t io n  (4 .2 .1 6 )  and re a r r a n g in g ,  one o b ta in s
[TOAHHgPOj
lo g   —   = lo g  K L  + 2 lo g (H  )
[TOA]
As i t  was assumed t h a t  th e  m easured pH = - lo g ( H  ) ,  t h e r e fo r e
[T0AHH2P 0 J
lo g  -------- _ _ --------  = lo g  k J j -  2pH (4 .2 .1 7 )
[TOA]
In  o rd e r  to  t e s t  th e  v a l i d i t y  o f  assum ing r e a c t io n  (4 .2 .1 3 )  f o r  th e
. . . [T0AHH9P0 ]
e x t r a c t io n  o f  p h o s p h o r ic  a c id  a t  low  a c i d i t i e s ,  lo g  --------— s— has been
[TOA]
p lo t t e d  a g a in s t  th e  pH o f  th e  aqueous phase a t  e q u i l ib r iu m ,  F ig u re  ( 4 . 4 ) ,  
where
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and
[TOA] = [TOA] -  [H 3P O J 0
A s t r a ig h t  l i n e  w i th  a s lo p e  = -2  sh o u ld  be o b ta in e d ,  i f  r e a c t io n  
(4 .2 .1 3 )  o c cu rs  a t  lo w  a c id i t i e s .  As F ig u re  (4 .4 )  shows, fro m  seven 
e x p e r im e n ta l p o in ts  i n  th e  re g io n  w here no excess e x t r a c t io n  o f  
p h o s p h o r ic  a c id  o c c u rs  ( t h a t  i s ,  [HsPOt*] 0/  [TOA] ^ £ 1 ) ,  o n ly  th re e  p o in ts  
f a l l ,  w i t h in  e x p e r im e n ta l e r r o r s ,  o n to  th e  re q u ire d  s t t a ig h t  l i n e  w i th  a 
s lo p e  o f  - 2 ,  and th e  r e s t  o f  th e  p o in ts  d e v ia te .  I n  o th e r  w o rd s , th e  
e x t r a c t io n  o f  p h o s p h o r ic  a c id  fro m  aqueous s o lu t io n s  ('- '0 .1  -  0 .4  M) 
c o u ld  be e x p la in e d  by c o n s id e r in g  r e a c t io n  ( 4 .2 .1 3 ) .  The a p p a re n t 
e x t r a c t io n  c o n s ta n ts ,  shown i n  T a b le  ( 4 . 5 ) ,  have been c a lc u la te d
a c c o r d in g ly .  The p o s s ib le  reasons f o r  th e  d e v ia t io n  o f  some 
e x p e r im e n ta l p o ip ts  fro m  th e  exp e c te d  s t r a ig h t  l i n e  w i l l  be d is c u s s e d  
l a t e r .
As a lre a d y  m e n tio n e d , th e  e x t r a c t io n  o f  p h o s p h o r ic  a c id  goes 
beyond s to ic h io m e t r ic  re q u ire m e n ts  and an excess amount o f  p h o s p h o r ic  
a c id  is  e x t r a c te d  by  t h e 's o lu t io n  o f  t r i - n - o c t y la m in e  i n  benzene as 
shown in  F ig u re  ( 4 . 3 ) .  By a n a lo g y  w ith  o th e r  a c id s ,  th e  excess a c id  
e x t r a c t io n  c o u ld  be due to  th e  f o l lo w in g  r e a c t io n :
T0AHH2P04 + H+ + H2P04 f0AHH2P04•H 3P0if (4 .2 .1 8 )
The e q u i l ib r iu m  c o n s ta n t f o r  r e a c t io n  (4 .2 .1 8 )  is
( T O A H H 2 P ( V H 3 P O i Q
Ki2  = - ................ .. ....... r ---------------- (4 .2 .1 9 )
(T0AHH2P0tf) (H ) (H 2P0q)
o r
[T0AHH2P04] = [H3POi*]0
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T a b le  (4 .5 )  A p p a re n t e x t r a c t io n  c o n s ta n ts  c a lc u la te d  f o r  th e  e x t r a c ­
t i o n  o f  p h o s p h o r ic  a c id  by  t r i - n - o c t y la m in e  in  benzene 
( 0 . 1 M) a c c o rd in g  to  r e a c t io n s :
  . _ K______________ _
TOA + H + H2P04 ~  EE pT T0AHH2P04
and
__________  + _ K o _______________
T0AH1LP0. + H + HoP0. -  . ^  TOAHH_PO. HoP0.I  4 2 4 2 4 3 4
tH 3P0J  I  " lo g  Kn lo g  K12
0 .1048 2 .8 5 -
0 .2096 3 .2 0 -
0 .4 1 9 3 3 .21
0 .6 2 8 9 - 0 .7 8
0 .8386 - 0 .8 5
1.0482 - 0 .8 7
Mean = 3 .1 1  Mean = 0 .8 3
a) r e f e r s  to  T a b le  (4 .2 )
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t r i-n -o c ty la m m o n iu m  c h lo r id e  (T0A.HC1) i n  benzene 
( —0 .1 1  M ). I n i t i a l  aqueous phase : p h o s p h o r ic  a c id .  
[  J re p re s e n ts  m o la r c o n c e n tra t io n s .
T ab le  (4 ,6 )  Anion exchange e x tr a c t io n  o f  P hosphoric  a c id  by
Aqueous Phase O rg a n ic  Phase
I n i t i a l E q u i l . I n i t i a l E q u i l .
tH3P04 ] t w [H C lj [T0A.HC1] [H3P04 ] [HC1]
1 .055 1 .0419 0 .0 12 2 0 .1 1 6 8 0 .0 1 3 1 0,1046
1 .0 5 5 X 1 0 "1 1 .0 4 8 X 1 0 "1 0 .0095 0 .1 1 5 7 0 ,0 0 0 7 0 .1062
1 .055x1 0 “ 2 1 ,049x10 “ 2 0 ,0 12 1 0 .1157 0 .0 0 0 1 0,1036
T a b le  (4 ,7 )  A n io n  exchange e x t r a c t io n  o f  p h o s p h o r ic  a c id  by
tr i-n -o c ty la m m o n iu m  c h lo r id e  (T0A.HC1) in  benzene 
( — 0 .1 1 M ). I n i t i a l  aqueous phase : p o ta s s iu m  d ih yd ro g e n  
p h o sp h a te , [ ] re p re s e n ts  m o la r c o n c e n tra t io n s *
Aqueous Phase O rg a n ic  Phase
I n i t i a l E q u i l . I n i t i a l E q u i l ,
[k h 2p o 4] [k h 2p o 4] [H C lj [T0A.HC1] t W [HC1]
1 .00 0 0 0 .9962 0 .0 5 9 2 0 .1168 0 ,0038 0 .0576
0 .10 0 0 0 .0990 0 .0257 0 .1168 0 .0 0 10 0 .0911
0 .0 10 0 0 ,0 10 1 0 .0 1 4 0 0 .1168 0.000 0 .1028
T a b le  ( 4 . 8)  B a ,c k -e x tra c t io n  o f  p h o s p h o r ic  a c id  fro n j t r i ' - n ’-o c ty la m in e  
e x t r a c t  by  0 . 1 M h y d r o c h lo r ic  a c id .  J 3 re p re s e n ts  m o la r  
c o n c e n tr a t io n s .
No.
Aqueous Phase O rg a n ic  Phase
I n i t i a l E q u i l . I n i t i a l 3 E q u i l .
[HC1] [HClJ IH3P04^ [H3P04] [HC1]
1 - 0 .0 9 7 3 0 . 0 1 0 .0 0 0 3 0 .0 0 0 3 0 .0 8 7 3
2“ •i 0 .0 0 9 7 0.Q015 0 .0 0 1 9 0 .0 8 7 6
3 - u 0 .0 0 9 3 0 .0067 0 .0071 0 .0 8 8 0
4 - ii 0 .0 0 9 5 0 .0 1 5 4 0 .0155 0.0878
5“ it 0 .0 0 8 9 0 .0251 0 .0 2 5 3 0 .0 8 8 4
6- it 0 .0 0 8 5 0 .0 6 2 4 0 .0 6 3 3 0 .0 8 8 8
7 - ii 0 .0 0 8 0 0 .0 9 1 2 0 .0 8 4 4 0 .0 8 9 3
8- ii 0 .0 0 7 7 0 .1 0 3 6 0.1027 0 .0 8 9 6
9 - ii 0 ,0 0 8 5 0 .1 1 0 5 0 .1 0 7 8 0 .0 8 8 8
1 0 - ii 0 .0 0 8 4 0 .1 1 0 3 0 .U 1 9 0 .0 8 8 9
a : Taken fro m  T a b le  (4 .2 )
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[ to a h h 2p o 4* h 3po 43 * f rto a h h 2po 4* h 3po4
K 12 = ---------------------------  r ---------------------------------------------  ( 4 .2 .2 0 )
[T0AHH2P0„ ] [H ] [JfcPO, ] .  £I W . V  f H2p0-
w here (X) and f^. re p re s e n t th e  a c t i v i t y  and th e  a c t i v i t y  c o e f f ic ie n t s  o f  
th e  sp e c ie s  X , r e s p e c t iv e ly .  I n  o rd e r  to  t r e a t  th e  e x p e r im e n ta l d a ta  in  
T a b le  (4.2) a c c o rd in g  to  r e a c t io n  (4 .2 .1 8 ) ,  i n  th e  re g io n  w here 
[H a P O jo / tT O A lj > 1, s im i la r  a ssu m p tio n s  to  th o s e  made p re v io u s ly  in  
th e  re g io n  where [H 3P04] 0/[T O A ] ^  £ 1 had to  be made.
As a r e s u l t  o f  th e  a p p ro x im a tio n s  made, th e  a p p a re n t e x t r a c t io n  
c o n s ta n t ,  K j2 , w i l l  be d e f in e d  as
[T0AHH2P0lf •H3P04]
IC{2 = — ........... ...... t   (4 .2 .2 1 )
[TOAHHgPO ]^ (H ) 2
T h e re fo re ,  i f  i n  r e a c t io n  (4 .2 .1 8 )  th e  t o t a l  c o n c e n tra t io n s  o f  
p h o s p h o r ic  a c id  and t r i - n - o c t y la m in e  in  th e  o rg a n ic  phase a re  assumed 
to  be Pq and Aq , r e s p e c t iv e ly ,  one can w r i t e
Pq = 2[T0AHH2P04*H 3P0I+] + [T0AHH2P04] (4 .2 .2 2 )
Aq = [T0AHH2P04 ‘ H3P04] + [T0AHH2P04] (4 .2 .2 3 )
From e q u a tio n s  ( 4 .2 .2 2 )  and (4 .2 ,2 3 )  one f in d s  th a t
[TOAHH2P < V H 3P O j = Pq -  Aq (4 .2 .2 4 )
[T0AHH2P04] = 2Aq -  Pq (4 .2 .2 5 )
The s u b s t i t u t io n  o f  e q u a tio n s  ( 4 .2 .2 4 )  and (4 .2 .2 5 )  in t o  e q u a tio n  ( 4 .2 .2 1 )  
g iv e s
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i
K ] 2 = ------ •— -----------9 _ _  (4 .2 .2 6 )
(2A -  P ) (H  ) 2 o o
By ta k in g  lo g a r i th m  fro m  e q u a tio n  (4 .2 .2 6 )  and r e a r ra n g in g ,  one o b ta in s  
P -  A
lo g  — 5--------  = lo g  k ; 2 + 2 lo g (H +)
2A -  Po o
* « +As i t  i s  assumed t h a t  th e  measured pH = - lo g (H  ) ,  t h e r e fo r e
V -  A
lo g  -  = lo g  KJ2 -  2pH (4 .2 .2 7 )
2A -  P o o
To t e s t  th e  v a l i d i t y  o f  assum ing r e a c t io n  ( 4 .2 .1 8 )  f o r  th e
e x t r a c t io n  o f  p h o s p h o r ic  a c id  a t  h ig h  a c id i t i e s ,  w here [H 3PO1J  0/ [TOA] > 1, 
Po -  A0
l ° g  2^ — ~ -p- " has been p lo t t e d  a g a in s t  th e  pH o f  aqueous phase a t  
o o
e q u i l ib r iu m ,  F ig u re  ( 4 . 5 ) .  A s a t is f a c t o r y  s t r a ig h t  l i n e  w i th  th e  
e xp e c te d  s lo p e  = -2  f i t s  th e  th re e  e x p e r im e n ta l p o in ts  i n  th e  re g io n  o f  
excess e x t r a c t io n  o f  p h o s p h o r ic  a c id  by t r i - n - o c t y la m in e .  T h is  i s  an 
in d ic a t io n  t h a t  r e a c t io n  (4 .2 .1 8 )  o ccu rs  a t  h ig h  a c id i t i e s  and th e  
e x t r a c t io n  o f  p h o s p h o r ic  a c id  fro m  aqueous s o lu t io n s  (~ 0 .6  -  1 , 0  M,
T a b le  ( 4 .2 ) )  can  be e x p la in e d  a c c o rd in g ly .  The a p p a re n t e x t r a c t io n  
c o n s ta n ts ,  K J2 , shown i n  T a b le  ( 4 .5 ) ,  have been c a lc u la te d  by 
c o n s id e r in g  r e a c t io n  (4 .2 .1 8 )  and u s in g  e q u a tio n  ( 4 . 2 . 2 1 ) .
( 4 .2 .3 )  A n io n  Exchange E x t r a c t io n  o f  P h o s p h o ric  A c id
To im p rove  th e  e x t r a c t io n  o f  p h o s p h o r ic  a c id  by t r i - n - o c t y la m in e ,  
th e  e x p e r im e n ts  i n  ( 4 .1 .7 )  w ere c a r r ie d  o u t in  w h ic h  th e  d ih y d ro g e n  
phosph a te  io n  (H 2P04) was supposed to  exchange w i t h  th e  c h lo r id e  io n
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pH , E Q U IL
FIG (4 ,4 )  A p p l ic a t io n  o f  e q u a t io n  (4 .2 .1 3 )  to  e x t r a c t io n  d a ta  .
pH t E Q U IL.
FIG (4 .5 ) A p p lic a t io n  o f e q u a tio n  (4 .2 .1 8 ) to  e x t r a c t io n  d a ta .
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i n  th e  benzene s o lu t io n  o f  t r i - n - o c t y la m in e  h y d ro c h lo r id e  (T0A*H C 1). 
B u t ,  as th e  r e s u l t s  i n  T a b le s  (4 .6 )  and ( 4 .7 )  c le a r ly  show, t h is  
exchange i s  indeed  n e g l ig ib le .  M o re o ve r, th e  h ig h  pH o f  th e  i n i t i a l  
aqueous s o lu t io n  ( i n  th e  case o f  p o ta s s iu m  d ih y d ro g e n  phospha te  
s o lu t io n s  in  T a b le  ( 4 . 7 ) )  causes a d e c o m p o s it io n  o f  t r i - n - o c t y la m in e  
h y d r o c h lo r id e ,  so t h a t  a c e r t a in  amount o f  h y d r o c h lo r ic  a c id  is  back- 
e x t ra c te d  in t o  th e  aqueous phase w ith o u t  any p h osph a te  b e in g  
t r a n s fe r r e d  in t o  th e  o rg a n ic  phase .
I t  w as, th e r e fo r e ,  co n c lu d e d  fro m  th e  v e ry  lo w  e x t r a c t a b i l i t y  o f  
p h o s p h o r ic  a c id  by t r i - n - o c t y la m in e  h y d r o c h lo r id e ,  t h a t  th e  a f f i n i t y  
o f  t r i - n - o c t y la m in e  f o r  h y d r o c h lo r ic  a c id  i s  much h ig h e r  th a n  f o r  
p h o s p h o r ic  a c id .  Then, th e  e x p e r im e n t shown i n  T a b le  (4 .8 )  was c a r r ie d  
o u t to  p ro v e  th e  above c o n c lu s io n .  In  t h is  e x p e r im e n t, w h ich  i s  th e  
re v e rs e  o f  th e  above e x p e r im e n ts , p h o s p h o r ic  a c id  was f i r s t  e x tra c te d  
in t o  th e  o rg a n ic  phase and th e n  th e  b a c k - e x t r a c t io n  o f  p h o s p h o r ic  a c id  
was a ch ie ve d  by s h a k in g  each o rg a n ic  phase w i th  a d i l u t e  h y d r o c h lo r ic  
a c id  s o lu t io n .  As th e  r e s u l t s  i n  T a b le  (4 .8 )  show, a com p le te  b a c k -  
e x t r a c t io n  o f  p h o s p h o r ic  a c id  i s  a ch ie ve d  and h y d r o c h lo r ic  a c id  re p la c e s  
a l l  th e  p h o s p h o r ic  a c id  p re s e n t i n  th e  o rg a n ic  p hase . T h is  can be seen 
by com paring  th e  i n i t i a l  and th e  e q u i l ib r iu m  c o n c e n tra t io n s  o f  h y d ro ­
c h lo r i c  and p h o s p h o r ic  a c id s  in  T a b le  ( 4 . 8 ) .
The v e ry  h ig h  a f f i n i t y  o f  t r i - n - o c t y la m in e  f o r  h y d r o c h lo r ic  a c id
in  com parison  to  p h o s p h o r ic  a c id ,  in  th e  c o n c e n tra t io n  tange  s tu d ie d
h e re , can be e x p la in e d  by  th e  h ig h  v a lu e  o f  th e  lo g a r i th m  o f  th e
e x t r a c t io n  c o n s ta n t o f  th e  two a c id s  a c c o rd in g  to  an a n io n  exchange 
(HC1)
r e a c t io n  ( lo g K *  /  v) w h ic h  is  e q u a l to  th e  d i f f e r e n c e  o f  th e(tiarUi*;
lo g a r i th m  o f  th e  e x t r a c t io n  c o n s ta n ts  o f  th e  e x t r a c ta b le  ( lo g
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and d is p la c e a b le  ( lo g  k J 1 ( h 3P0 4)^  a c *-ds a c c o rd in g  to  a ’ n e u t r a l i z a t io n ’ 
r e a c t io n .
108 K' ( H 3PO^) = l o g  Kn ( H C l )  108 Ki i (H3P ( \ )  ( 4 . 2 . 2 8 )
As lo g  K i ! ( HC1) "  4 .7 4 ^ 219  ^ and lo g  k i i ( H p0 ) = 3 *n  w o rk ,
T a b le  ( 4 . 5 ) ] ,  th e  a n io n  exchange e x t r a c t io n  c o n s ta n t i s  e q u a l to
= 4 ,2 4  ~ 3 .1 1  -  1 .6 3 (4 .2 .2 9 )
>Y
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(4 .3 )  D is c u s s io n :
I t  was e s ta b l is h e d  fro m  th e  e q u i l i b r a t i o n  d a ta  t h a t  th e  fo l lo w in g  
r e a c t io n ,  w i t h  th e  a p p a re n t e q u i l ib r iu m  c o n s ta n t ,  K j x , occu rs  i n  th e  
e x t r a c t io n  o f  p h o s p h o r ic  a c id  by  a 0 .1  M s o lu t io n  o f  t r i - n - o c t y la m in e  
in  benzene fro m  d i l u t e  aqueous s o lu t io n s  o f  th e  a c id  (~ 0 .1  -  0 .4  M ), 
where th e re  is  no excess e x t r a c t io n  o f  a c id ,  nam ely [H 3P04]q /[T O A ] ^  £ 1 ,
K ’
TOA + H+ + H2P04 —  = r= ±  T0AHH2P0b ( 4 .3 .1 )
[TO AfflfyPO j 
— ________________
[TOA](H+) (H 2P0;>
In  th e  re g io n  o f  excess e x t r a c t io n  o f  a c id  ( - '0 ,6  -  1 .0  M) , where th e  
r a t i o  [H3P04] 0/[T O A ] j. > 1 , i t  was e s ta b l is h e d  th a t  a second m o le c u le  
o f  p h o s p h o r ic  a c id  i s  e x t r a c te d  in t o  th e  o rg a n ic  phase w h ich  can be 
d e s c r ib e d  a c c o rd in g  to  th e  r e a c t io n  t
  + .  r ; 2 _______________
T0AHH2P04 + H + Ho PP., -  = z r ± : T0AHH2P0 4• H 3P0 q ( 4 .3 .2 )
[TOAHH2PO!+.H 3POlt]
k ; 2 = - = 3 = = ^ : — T--------------—
[T0AHH2P 0 J ( H  ) (H 2P0b)
The e x p e r im e n ta l ly  o b ta in e d  v a lu e s  o f  K [ j  and K { 2 a re  as fo l lo w s :
[H 3POtf] 0/ [T O A ]I lo g  K ! i lo g  KJ2
2 .85 _
£ 1 3 .2 0 . .
3 .2 1 -
- 0 .7 8
> 1 - 0 .8 5
0 .8 7
Mean 3.11 0 .83
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D e s p ite  many a ssu m p tio n s  made i n  c a lc u la t in g  th e  K j x and K { 2 v a lu e s  
(see s e c t io n  ( 4 . 2 . 2 ) ) ,  th e re  i s  a good agreem ent be tw een  th e  r e s u l t s ,  
and th e  r e la t i v e  co n s ta n cy  o f  th e  v a lu e s  o b ta in e d  in d ic a te s  th e  
j u s t i f i c a t i o n  i n  m aking  th e se  a ssu m p tio n s .
One o f  th e  m a in  assum p tions  made was th a t  th e  r a t io s  o f  th e
a c t i v i t y  c o e f f ic ie n t s  o f  th e  o rg a n ic  phase sp e c ie s  re m a in  c o n s ta n t .
I t  i s  w e l l  know n, how eve r, t h a t  th e s e  s p e c ie s  do n o t  behave id e a l l y
and th e  a c t i v i t y  c o e f f ic ie n t s  o f  a lk y la m in e  s a l t s  a re  n o t c o n s ta n t
e s p e c ia l ly  i n  lo w  d ie l e c t r i c  c o n s ta n t d i lu e n t s . Many a u th o rs
a t t r i b u t e  t h i s  n o n - id e a l i t y  to  th e  fo rm a t io n  o f  p o lym e rs  i n  th e  o rg a n ic
(3 0 —31 131)phase (see  s e c t io n  ( 1 . 2 ) ) ,  whereas Diamond e t  a l *  * e x p la in
t h i s ,  fro m  a ’ b a c k -b e n d in g ’ b e h a v io u r  o f  th e  e x t r a c t io n  o f  a c id s  by 
am ines , by a c o m b in a tio n  o f  th e  fo rm a t io n  o f  p o lym e rs  and a change in  
th e  c h a ra c te r  o f  th e  o rg a n ic  s o lu t io n ,  such as a change i n  th e  
d i e l e c t r i c  c o n s ta n t .  H ow ever, th e  r e la t i v e  co n s ta n c y  o f  th e  v a lu e s  o f  
th e  a p p a re n t e x t r a c t io n  c o n s ta n ts  o b ta in e d  in  t h i s  w o rk  in d ic a t e s , t h a t  
th e  a ssu m p tio n  o f  th e  co n s ta n cy  o f  th e  r a t io s  o f  th e  a c t i v i t y  
c o e f f ic ie n t s  o f  th e  o rg a n ic  phase sp e c ie s  i s  re a s o n a b le .
A n o th e r  a ssu m p tio n  made was th e  e q u a l i t y  o f  th e  a c t i v i t y  o f  
hyd rogen  io n  in  th e  aqueous s o lu t io n  w i th  th e  m easured pH a t  
e q u i l ib r iu m .  S in ce  th e  l i q u id  ju n c t io n  p o te n t ia ls  o f  th e  pH -m ete r 
sys tem  is  e l im in a te d  to  a g re a t  e x te n t  by th e  s a tu ra te d  p o ta s s iu m  
c h lo r id e  b r id g e s  used , t h is  assum p tion  a ls o  seems to  be re a s o n a b le .
C o n s id e r in g  th e  v a lu e s  o f  d is s o c ia t io n  c o n s ta n ts  f o r  p h o s p h o r ic  
a c id ,  k i  = 7 .5 2  x  10 *“ 3 , k 2 « 7 .99  x  l c f  % 3 = 4 .8  x  10 ~ 13, i t  seemed 
re a s o n a b le  to  assume t h a t  [H 3 =  [H2P 0 iJ  i n  th e  pH ra n g e  s tu d ie d .
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(TO)
th e  e x t r a c t io n  o f  s u lp h u r ic  a c id ,  p roposed th e  fo rm a t io n  o f  ,
(TOAH)3P04 s p e c ie s  w h ic h  i s  re p la c e d  by  (T0AH)2HP04 and T0AHH2P04 as
th e  c o n c e n tra t io n  o f  p h o s p h o r ic  a c id  i s  in c re a s e d  in  th e  aqueous
(91 289)s o lu t io n .  H ow ever, Shevchuck and E n a l ’ eva * have shown t h a t  
th e  e x t r a c t io n  o f  t r i p l y  cha rged  a n io n s  such as PO3 by  a t e r t i a r y  
am ine is  h in d e re d  by s t e r i c  i n t e r a c t io n  o f  th e  a lk y l  r a d ic a ls .
By a t h e o r e t ic a l  t r e a tm e n t  o f  th e  s u b je c t ,  th e y  a rgue  th a t  th e  
p a r t i t i o n  o f  a s s o c ia te s  o f  th e  ty p e  R3NHX (o r  R2NH2X o r  RNH3X ) , where 
R i s  th e  a l k y l  r a d ic a l  and X i s  th e  a n io n , depends to  a g re a t e x te n t  
on th e  d i p h i l i c  n a tu re  o f  th e  e x t r a c tn b le  m o le c u le s . The a lk y l  
r a d ic a ls  b e in g  th e  h y d ro p h o b ic  p a r t  and th e  NHX (o r  NHaX o r  NH3X) 
g roup o f  atoms b e in g  th e  h y d r o p h i l ic  p a r t  o f  th e  m o le c u le , an in c re a s e  
in  th e  s o lv a t io n  o f  th e  a l k y l  c h a in  by th e  m o le cu le s  o f  th e  o rg a n ic  
d i lu e n t  sh o u ld  in c re a s e  th e  p a r t i t i o n  c o e f f i c ie n t  o f  th e  a s s o c ia te  
betw een aqueous and o rg a n ic  phases f o r  th e  same a n io n . One c o n d i t io n  
f o r  th e  e x t r a c t io n  i s  t h a t  th e  e n e rg y  o f  th e  s o lv a t io n  o f  th e  a lk y l  
r a d ic a ls  (E g) s h o u ld  be more th a n  th e  energy o f  th e  h y d ra t io n  o f  th e  
h y d r o p h i l ic  p a r t  o f  th e  m o le c u le  ( E ^ ) * T h e re fo re ,  th e  g re a te r  th e  
d i f f e r e n c e  be tw een th e  tw o e n e rg ie s ,  th e  b e t t e r  w i l l  a g iv e n  a s s o c ia te  
be e x t r a c te d .
Now, as aqueous s o lu t io n s  o f  p h o s p h o r ic  a c id  c o n ta in  th e  a n io n s
— 2 3  —
H2P04 , HPOi* and P0k , i t  may be assumed th a t  th e  a s s o c ia te s  R3NHH2POk , 
(R 3NH)2HP04 , and (R 3N H )3P04 a re  fo rm ed w ith  a t e r t i a r y  a lk y la m in e .  A 
m o le c u le  o f  th e  compound R3NHH2P04 has two OH groups and (R 3NH)2HPOlt 
one OH g ro u p , w h ic h  a re  s t r o n g ly  h y d ra te d  and in t e r f e r e  w i th  th e  
e x t r a c t io n .  The m o le c u le  (R 3N H )3P0k , how eve r, does n o t  have an OH g ro u p ,
In  the  e x t r a c t io n  o f  p h o sp h o ric  a c id , Sato , by ana logy w ith
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b u t  has th e  g r e a te s t  number o f  a lk y l  r a d ic a ls  w h ic h  d e te rm in e  th e
s o lv a t io n  e n e rg y . As a r e s u l t ,  i t  i s  e xp e c te d  t h a t  th e  l a t t e r  compound
is  e x t r a c te d  b e t t e r  th a n  th e  fo rm e r .  How ever, as Shevchuck and 
(91 289)E n a l ’ eva * have shown, th e  s t e r i c  h in d ra n c e  in t e r f e r e s  w i t h  th e  
fo rm a t io n  o f  such a compound. Thus i t  i s  e xp e c te d  t h a t  th e  phospha te  
io n  h a v in g  th e  s m a lle s t  number o f  OH groups w i l l  be e x t ra c te d  b e s t by 
p r im a ry  a lk y la m in e s  w h ich  show le s s  s t e r i c  h in d ra n c e . A lth o u g h  th e  
a v a i la b le  l i t e r a t u r e  d a ta  a re  i n s u f f i c i e n t ,  n e v e r th e le s s  i t  has been
3 —
shown th a t  h ig h ly  charged  a n io n s  such as PO4 r e a d i ly  undergo
(91 )a s s o c ia t io n  and a re  e x t ra c te d  w i t h  p r im a ry  a lky lam m on ium  c a t io n s  
i n  th e  fo rm  o f  (RNH3) 3P04 s p e c ie s .
I n  a c id ic  s o lu t io n s ,  due to  th e  p a r t i a l  com pensa tio n  o f  th e  charges
o f  th e  a n io n s  by p ro to n s ,  t e r t i a r y  a lk y la m in e s  may fo rm  a s s o c ia te s  w i th
s in g ly  and d o u b ly  cha rged  an io n s  ( f o r  exam ple , d ih y d ro g e n  phospha te
2*“
(H2PO4) and m onohydrogen phosph a te  (HPO4 ) io n s ) ,  and t h i s  fo rm a t io n  
and e x t r a c t io n  o f  a c id ic  a s s o c ia te s  i s  f a c i l i t a t e d  by h ig h  c o n c e n tra t io n s  
o f  th e  a c i d ^ 2  ^ .
I n  o u r  w o rk , th e  fo rm a t io n  o f  th e  s p e c ie s  TOAHHgPOu fro m  d i l u t e
aqueous s o lu t io n s  o f  p h o s p h o r ic  a c id  a c c o rd in g  to  r e a c t io n  ( 4 . 3 . 1 )
agrees w e l l  w i t h  th e  argum ents made b y  Shevchuck e t  a i ( 91” 9 2 >289)  ^ ^
a ls o  ag rees w i t h  th e  r e s u l t s  o f  S m irnov and G o r l o v o b t a i n e d  by
c ry o s c o p ic  m ethods, and those  o f  M arcus and A s h e r^ 288  ^ o b ta in e d  by
d i s t r i b u t i o n  te c h n iq u e . H ow ever, th e  in t e r p r e t a t io n  p roposed  by 
(1 8 )
Sato in  te rm s o f  th e  s p e c ie s  (TOAH)3PC>4 , (TOAH)2HP04 and T0AHH2P04
i s  n o t  e n t i r e l y  s u p p o rte d  by th e  p re s e n t w o rk . O n ly  th e  l a t t e r  s p e c ie s  
seems to  o c c u r  i n  th e  o rg a n ic  phase a t  low  a c i d i t i e s ,  w h ile  a t  h ig h  
a c id i t i e s  th e  a d d i t io n a l  s p e c ie s  T0AHH2P04»H3P04 s h o u ld  be in v o k e d  to
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e x p la in  [H 3PO1J  0/ [TOA] ^ > 1 , a f a c t  fou n d  by  Sato  b u t  n o t  c o n s id e re d  by 
h im .
(288 )M arcus and A she r who v e ry  r e c e n t ly  p u b lis h e d  a pape r on th e
e x t r a c t io n  o f  p h o s p h o r ic  a c id  w i t h  lo n g  c h a in  t e r t i a r y  am ines, in c lu d in g  
t r i - n - o c t y la m in e  in  to lu e n e ,  e x p la in e d  t h e i r  e x p e r im e n ta l r e s u l t  i n  te rm s 
o f  th e  fo rm a t io n  o f  th e  s p e c ie s  R3NHH2PO1* i n  th e  o rg a n ic  phase a t  low  
a c i d i t i e s ,  w h ic h  s u p p o rts  th e  f in d in g s  o f  th e  p re s e n t w o rk . I n  t h i s  low  
a c id i t y  r e g io n ,  th e y  to o  c o n s id e r  th e  fo rm a t io n  o f  o rg a n ic  phase s p e c ie s  
in v o lv in g  d o u b ly  and t r i p l y  charged  a n io n s  o f  phospha te  u n l i k e l y ,  i n  
agreem ent w i t h  th e  f in d in g s  o f  th e  p re s e n t w o rk  and argum ents made by 
Shevchuck e t  a l ^ 9 ^ ^ 2 ,2 8 9 ) w ere d e s c r ib e d  above.
In  s e c t io n  ( 4 . 2 . 2 ) ,  i t  was obse rved  th a t  some e x p e r im e n ta l p o in ts  i n
th e  v e ry  low  a c id i t y  re g io n  d e v ia te d  fro m  th e  s t r a ig h t  l i n e  shown i n
F ig u re  ( 4 . 4 ) .  These d e v ia t io n s  c o u ld  be due to  th e  s ig n i f ic a n c e  o f  th e
e x t r a c t io n  o f  p h o s p h o r ic  a c id  by  th e  pu re  s o lv e n t  i n  co m pa rison  w i th  th e
e x t r a c ta n t .  The e x t r a c t io n  o f  p h o s p h o r ic  a c id  w i t h  p u re  benzene , re p o r te d  
(9 3 )by R ic c i  e t  a l .  , y ie ld e d  an o rg a n ic  phase c o n ta in in g  0 .0 0 1 4  M p h o s p h o r ic
(18 )a c id  a f t e r  e x t r a c t io n  fro m  0 .1  M aqueous s o lu t io n  o f  th e  a c id .  Sa to  , 
h o w e ve r, has re p o r te d  a much lo w e r v a lu e  o f  e x t r a c t io n  o f  p h o s p h o r ic  a c id  
by th e  same s o lv e n t ;  0 .0 0 0 6  M a f t e r  e x t r a c t io n  fro m  4 .0  M p h o s p h o r ic  a c id .
A n o th e r p o s s ib le  re a so n  f o r  the  above m en tio n e d  d e v ia t io n s  may be th e  
s o l u b i l i t y  o f  th e  am ine s a l t  (fo rm e d  in  the  o rg a n ic  phase) in  th e  aqueous 
phase* P o s s ib le  e v id e n c e  f o r  t h is  comes fro m  th e  f a c t  t h a t ,  when a l iq u o ts  
o f  th e  e q u i l ib r a te d  aqueous phases w ere a n a lyse d  by  p o te n t io m e t r ic  
t i t r a t i o n s  w i th  sod ium  h y d ro x id e  s o lu t io n s ,  th e re  was o f te n  a. 
s ig n i f i c a n t  d is c re p a n c y  be tw een  th e  f i r s t  and second e n d -p o in ts  o f  th e  
p o te n t io m e t r ic  t i t r a t i o n s . T h is  d is c re p a n c y  in c re a s e d  as th e  aqueous
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a c id  c o n c e n tra t io n  d e c re a se d . A s im i la r  b e h a v io u r  was obse rved  by 
Marcus and A s h e r(28 8) ^
In  g e n e ra l,  th e  r e s u l t s  o b ta in e d  in  o u r w o rk  re v e a l th a t  th e  
e x t r a c t io n  o f  p h o s p h o r ic  a c id  o c c u rs  to  a much le s s e r  e x te n t  i n  th e  
re g io n  where [H 3FO1J  0/ [T O A ]^  £ 1 , i n  com pa rison  to  o th e r  m in e ra l a c id s .  
As d e s c r ib e d  i n  ( 1 .4 .3 ) ,  th e  o rd e r  o f  p re fe re n c e  o f  am ines f o r  
d i f f e r e n t  a c id s  has been a t t r ib u t e d  by many a u th o rs  to  th e  dom inan t 
in f lu e n c e  o f  a n io n  h y d r a t io n  on th e  e x t r a c t io n  e q u i l ib r iu m .  How ever, 
a l i t e r a t u r e  s u rve y  (see  T a b le  (4 .9 ) )  re v e a ls  t h a t  a s t r a ig h t  l i n e  can 
be o b ta in e d  i f  th e  lo g a r ith m s  o f  th e  e x t r a c t io n  c o n s ta n ts  o f  th e  
d i f f e r e n t  a c id s  ( lo g  K { x) a re  p lo t t e d  a g a in s t  th e  lo g a r ith m s  o f  
a v a i la b le  d is s o c ia t io n  c o n s ta n ts  ( lo g  K ) o f  th e se  a c id s  (F ig u re  ( 4 . 6 ) ,a
cu rve  A ) .  As t h i s  f ig u r e  shows, th e  p o in t  b e lo n g in g  to  p h o s p h o r ic  a c id ,  
w h ich  was o b ta in e d  i n  t h i s  w o rk , l i e s ,  w i t h in  e x p e r im e n ta l e r r o r s ,  on 
th e  s t r a ig h t  l i n e .  T h e re fo re ,  th e  weakness o f  p h o s p h o r ic  a c id
3
( k j  = 7 .52  x  10 ) i n  co m pa rison  to  th e  o th e r  a c id s  i l l u s t r a t e d  i n
F ig u re  (4 ,6 )  can be ta k e n  as a re a s o n  f o r  i t s  lo w  e x t r a c t a b i l i t y  a t  
low  aqueous a c i d i t i e s .  T h is  means t h a t  one can e s t im a te  th e  r e la t i v e  
e x te n t  w i th  w h ich  a c id s  a re  e x t r a c te d  by th e  o rg a n ic  s o lu t io n s  o f  
t r i - n - o c t y la m in e  o r  p o s s ib ly  o th e r  b a s ic  e x t r a c ta n ts ,  by c o n s id e r in g  
th e  d is s o c ia t io n  c o n s ta n ts  o f  th e  a c id s  u nde r s tu d y .
(18 )As f a r  as th e  e x t r a c t io n  o f  excess a c id  is  co n ce rn e d , Sato 
and Sm irnov and G o r lo v ^ 90  ^ have shown th a t  fro m  s t r o n g ly  a c id  s o lu t io n s  
(7 -1 0  M) two to  f o u r  m oles o f  p h o s p h o r ic  a c id  p e r m ole o f  t r i - n - o c t y l ­
amine e n te r  th e  benzene phase , w h ic h  in d ic a te s  th a t  p h o s p h o r ic  a c id  has 
a s tro n g  tenden cy  f o r  e x t r a c t io n  beyond th e  s to ic h io m e t r ic  re q u ire m e n ts .  
A g a in , as d e s c r ib e d  in  ( 1 . 4 . 3 ) ,  t h i s  te n d e n cy  can be r e la te d  to  th e
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T a b le  ( 4 .9 )  A p p a re n t e x t r a c t io n  c o n s ta n ts  o f  a c id s  b y  t r i - n - o c t y la m in e  
in  benzene . and r e f e r  to  th e  fo rm a t io n  o f  R^N-HX
and RgNHX-HX, r e s p e c t iv e ly .
A c id 108  Ka lo g lo g  K12 R e fe re n ce  a
HC10.4 9.5b 7 .2 5
- 225
HI 6 .0b 6 .9 5e ~ 219
HBr 4.0b 5 .7 3 - 44
HHSO. 4 3 .0 C 3.48
- 219
HC1 2 . 5 b 4.74 - 1 . 2 8 44 (38)
HN°3 1 . 4 C 5.04 -0 .8 7 225 (223)
hh2po4 - 2 . 1 2 d 3 . 1 1 0.83 T h is  w o rk  ( t h i s  w o rk )
CH3COOH
rQCOI £2 . 1 8 - 10 1
a) R e fe re n ce  in  p a re n th e s is  r e fe r s  to  lo g  K^2 v a lu e s
b) Taken fro m  re fe re n c e  (151)
c ) Taken fro m  re fe re n c e  (298)
d) Taken fro m  re fe re n c e  (287)
e) In  to lu e n e
f ) By t r id e c y la m in e  (TDA)
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p ro to n  a f f i n i t y  o f  th e  a n io n  o f  th e  a c id  o r  th e  s t r e n g th  o f  th e  a c id .  
T h is  can be c le a r ly  seen fro m  F ig u re  ( 4 . 6 ) ,  c u rv e  B , where th e  
lo g a r ith m s  o f  th e  a p p a re n t e q u i l ib r iu m  c o n s ta n ts  o f  th e  e x t r a c t io n  o f  
a second m o le c u le  o f  a c id  ( lo g  K J2) have been p lo t t e d  a g a in s t  th e  
lo g a r ith m s  o f  d is s o c ia t io n  c o n s ta n ts  o f  th e  a c id s  ( lo g  K ) .  Thea
s a t is f a c t o r y  s t r a ig h t  l i n e  o b s e rv e d , w h ich  in c lu d e s  th e  p h o s p h o r ic  
a c id  p o in t  o b ta in e d  i n  t h is  w o rk , in d ic a te s  t h a t  th e  s tro n g  tenden cy  
o f  p h o s p h o r ic  a c id  tow a rds  excess a c id  e x t r a c t io n  i s  due to  th e  h ig h  
p ro to n  a f f i n i t y  o f  th e  d ih y d ro g e n  phospha te  (H2PO^) io n ,  o r ,  to  w ha t 
amounts to  th e  same th in g ,  th e  weakness o f  th e  a c id .
The i n a b i l i t y  to  e x t r a c t  p h o s p h o r ic  a c id  by e x t r a c t io n  w i th  
t r i - n - o c t y la m in e  h y d ro c h lo r id e  can now be d e s c r ib e d  by  th e  la rg e  
d i f f e r e n c e  betw een th e  s t re n g th  o f  th e  two a c id s  and to  th e  e x te n s iv e  
h y d r a t io n  o f  a n io n s  i n  aqueous s o lu t io n s  o f  p h o s p h o r ic  a c id  w h ich  
opposes t h e i r  e x t r a c t io n  in t o  th e  o rg a n ic  p h a se . As a c o n c lu s io n ,  
th e se  c h a r a c te r is t ic s  o f  p h o s p h o r ic  a c id  tow a rds  e x t r a c t io n  w i th  
t e r t i a r y  am ines (h e re  t r i - n - o c t y la m in e )  i n  lo w  d i e l e c t r i c  c o n s ta n t 
d i lu e n ts  w o u ld  be used in  th e  f i e l d  o f  i n d u s t r i a l  c h e m is try  i n  th e  
s e p a ra t io n  o f  p h o s p h o r ic  a c id  fro m  s tro n g  m in e ra l a c id s  such as 
h y d r o c h lo r ic  o r  n i t r i c  a c id s .
«i‘
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SECTION 5
UNI-UNIVALENT 
EXCHANGE REACTIONS
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( 5 .1 )  E x p e r im e n ta l
( 5 .1 .1 )  Reagents Used :
a ) P o ta ss iu m  and Sodium S a lts  o f  V a r io u s  A c id s : E xcep t f o r  two io n
exchange e x t r a c t io n  sys te m s , p o ta s s iu m  s a l t s  o f  th e  fo l lo w in g  a c i d s , n i t r i c  
h y d r o c h lo r ic ,  h y d ro b ro m ic , h y d r io d ic ,  t h io c y a n ic ,  io d ic  and s u lp h a m ic , 
w ere used in  th e  p re p a ra t io n  o f  aqueous s o lu t io n s  f o r  th e  e q u i l ib r iu m  
e x p e r im e n ts . F o r th e  two e xce p te d  system s th e  sodium  s a l t s  o f  p e r io d ic  
and benzene s u lp h o n ic  a c id s  w ere used. A l l  th e  re a g e n ts  w ere o f  
a n a ly t ic a l  g rade  (B .D .H ) e x ce p t p o ta s s iu m  su lp liam a te  (KSO^NH^ w h ic h  
was p re p a re d  by p o te n t io m e t r ic  n e u t r a l iz a t io n  o f  a s o lu t io n  o f  
la b o r a to r y  re a g e n t g rade  ( p u r i t y  > 99%) su lp h a m ic  a c id  and a p o ta s s iu m  
h y d ro x id e  s o lu t io n .  Sodium benzene s u lp h o n a te  (NaSO^CgH^) o f  
la b o r a to r y  re a g e n t g rade  was r e c r y s ta l iz e d  fro m  e th a n o l w i t h  th e  a id  o f  
a S o x h le t e x t r a c t io n  a p p a ra tu s .
a ) A c id s : F o r th e  a d ju s tm e n t o f  pH o f  th e  aqueous s o lu t io n s  in  a n io n
exchange system s and f o r  th e  p re p a ra t io n  o f  t r io c t y la m in e  s a l t s  used in  
th e  a g g re g a tio n  s tu d ie s ,  a n a ly t i c a l  re a g e n t a c id s  (B .D .H ) were used 
e xce p t su lp h a m ic  a c id  w h ic h  was la b o r a to r y  re a g e n t w i t h  a p u r i t y  o f  
more th a n  99%. T h io c y a n ic ,  h y d r io d ic  and benzene s u lp h o n ic  a c id s  w ere 
p re p a re d  fro m  p u re  p o ta s s iu m  o r  sod ium  s a l t s  w i t h  th e  a id  o f  a colum n 
o f  c a t io n  exchange r e s in  i n  th e  hyd rogen  fo rm  ( 5 .1 .2 ) .
Sodium Hydro x id e  (NaQH) : Sodium h y d ro x id e  (B .D .H ) was a n a ly t ic a l
re a g e n t,  and s o lu t io n s  o f  i t  w ere  s ta n d a rd iz e d  a g a in s t  p o ta ss iu m
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d) S i lv e r  N i t r a t e  (AgN O ^): S i lv e r  n i t r a t e  (B .D .H ) was a n a ly t ic a l  
re a g e n t,  and s o lu t io n s  o f  i t  w ere s ta n d a rd iz e d  a g a in s t  c a r e f u l ly  
d r ie d  a n a ly t ic a l  re a g e n t sod ium  c h lo r id e .
e) Benzene (C ^H ^ ): Benzene (B .D .H ) was a n a ly t ic a l  re a g e n t and was 
used as a d i lu e n t  f o r  t r i - n - o c t y la m in e  w ith o u t  any f u r t h e r  t re a tm e n t.
In  a g g re g a t io n  s tu d ie s ,  how eve r, i t  was s a tu ra te d  w i th  w a te r  and th e n  
used to  d is s o lv e  b e n z i l  and t r i - n - o c t y la m in e .
f )  T r i - n - o c ty la m in e  ( (n -C 0H ._ ) 0N) : T r i - n - o c ty la m in e  (Eastman Kodak)
  o 1 / 5___
was p r a c t i c a l  re a g e n t w i th  p u r i t y  more th a n  95% w h ic h  was p u r i f ie d
(32)a c c o rd in g  to  th e  m ethod o f  Newman and K lo tz  by vacuum d i s t i l l a t i o n  a t 
0 ,0 4  mm Hg and 133°C , and r e d i s t i l l e d  o ve r z in c  (Zn) a t 0 .0 7  mm Hg and 
144°C. The o r ig in a l  s l i g h t l y  y e l lo w is h  l i q u id  was th e re b y  c o n v e rte d  to  
a c o lo u r le s s  p ro d u c t w h ich  was s to re d  in  a brown b o t t l e  and k e p t in  
a c o ld  p la c e .  G a s -c h ro m a to g ra p h ic  a n a ly s is  o f  th e  f i n a l  p ro d u c t showed
a p u r i t y  o f  100%. The r e f r a c t i v e  in d e x  and s p e c i f i c  g r a v i t y  o f  th e
. . . .  25 25p u r i f i e d  t r i - n - o c t y la m in e  were fo u n d  to  be n^ = 1 .4489  and d^ = 0 ,8 1 2
r e s p e c t iv e ly ,  w h ic h  agreed w e l l  w i th  th e  l i t e r a t u r e  d a ta .
g) B e n z i l  (C^H^COCOC^H^): B e n z i l  was a v e ry  h ig h  p u r i t y  p ro d u c t
w h ich  was o r i g i n a l l y  p u r i f i e d  as a s ta n d a rd  compound in  th e  m ic ro a n a ly s is  
o f  e le m e n ts . The w a te r - s a tu ra te d  benzene s o lu t io n s  o f  t h is  compound 
w ere used as a s ta n d a rd  re fe re n c e  in  th e  a g g re g a tio n  s tu d ie s .
hydrogen p h th a la te  o f  a n a ly t ic a l  reagen t g rade.
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h ) O th e r Reagents ; AH o th e r  re a g e n ts  used in  th e  p re p a ra t io n  o f  
s o lu t io n s  used f o r  th e  a n a ly s is  w ere d£ a n a ly t ic a l  g rade  w h e re ve r 
p o s s ib le ,  D i s t i l l e d  w a te r  was used f o r  th e  p re p a ra t io n  o f  a l l  aqueous 
s o lu t io n s ,
( 5 .1 ,2 )  P re p a ra t io n  o f  S o lu t io n s  :
a) T h io c y a n ic ,  Hy d r io d ic  and Benzene S u lp h o n ic  A c id  S o lu t io n s :
S o lu t io n s  o f  t h io c y a n ic ,  h y d r io d ic  and benzene s u lp h o n ic  a c id s  
were p re p a re d  fro m  p o ta s s iu m  s a l t s  o f  th io c y a n a te  and io d id e  and sodium  
s a l t  o f  benzene s u lp h o n a te  by a c a t io n  exchange p ro c e s s . A bou t lOOg o f  
Zeo Karb 225 (s u lp h o n a te d  c r o s s - l in k e d  p o ly s ty r e n e ) , w h ich  is  a s t r o n g ly  
a c id ic  c a t io n  exchange r e s in ,  was washed w i th  w a te r  u n t i l  th e  
s u p e rn a ta n t l i q u i d  was c le a r .  I t  was th e n  t r e a te d  w i t h  m ild  ch ro m ic  
a c id  s o lu t io n  to  remove any re d u c in g  m a tte r  and th e n  w i th  a c id  to  
remove chrom ium  ( I I I )  io n s  and th e n  w a te r  to  p roduce  s h in in g  y e l lo w  
beads. These w ere  t r a n s fe r r e d  to  an io n  exchange co lum n, f i t t e d  w i t h  
a po rous d is c ,  and back-w ashed w i th  w a te r  to  remove th e  s m a lle r  r e s in  
p a r t i c le s .  Now, th e  r e s in  was c o n v e rte d  to  th e  hyd rogen  fo rm  by 
p a s s in g  abo u t 2 l i t .  o f  2M HC1 th ro u g h  th e  column u n t i l  th e  a c id i t i e s  o f  
e f f lu e n t  and i n f l u e n t  w ere id e n t i c a l  and th e  e f f lu e n t  was f r e e  fro m  
f e r r i c  io n s .  A f u r t h e r  500 m l o f  h y d r o c h lo r ic  a c id  was th e n  passed 
th ro u g h  th e  co lum n to  e n su re  a co m p le te  c o n v e rs io n  in t o  th e  hydrogen  
fo rm . The colum n was th e n  washed w i th  d e io n iz e d  w a te r  u n t i l  th e  
e f f lu e n t  was f r e e  fro m  c h lo r id e  io n s .
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S o lu t io n s  o f  p o ta s s iu m  th io c y a n a ,te , p o ta ss iu m  io d id e  and sodium  
benzene s u lp h o n a te  (0 . 1  M) w ere th e n  passed th ro u g h  th e  colum n to  
p ro d u ce  th e  c o rre s p o n d in g  a c id  s o lu t io n s  th ro u g h  th e  exchange o f  
h yd rogen  f o r  p o ta s s iu m  o r  sodium  io n s .  The r a te  o f  f lo w  was k e p t 
down to  make su re  th a t  no s a l t  passed th ro u g h  th e  colum n w ith o u t  
c o n v e rs io n . The e f f lu e n t  s o lu t io n s  were c o l le c te d  in  s to p p e re d  c le a n  
c o n ta in e rs  and , i n  th e  case o f  h y d r io d ic  a c id  and th io c y a n ic  a c id ,  th e  
c o n ta in e rs  w ere cove red  i n  a lu m in iu m  f o i l  and k e p t i n  da rkness  to  a v o id  
d e c o m p o s it io n .
b ) P re p a ra t io n  o f  T r i-n -o c ty la m m o n iu m  C h lo r id e  (T0A.HC1) f o r  
E q u i l ib r a t io n  S tu d ie s ;
The i n i t i a l  o rg a n ic  la y e r  in  th e  io n  exchange e x t r a c t io n  s tu d ie s
o f  a n io n s  was 0 ,1  M t r i - n - o c t y la m in e  h y d ro c h lo r id e  in  benzene. T h is
s o lu t io n  was made by d is s o lv in g  an a c c u ra te ly  w e ig h te d  q u a n t i t y  o f  th e
am ine in  benzene and m aking  up th e  s o lu t io n  to  a c e r ta in  volum e to  make
a 0 .1  M s o lu t io n .  T h is  was th e n  tw ic e  c o n ta c te d  w i th  equa l
vo lum es o f  h y d r o c h lo r ic  a c id  (3 M) f o r  10 m in u te s  in  a s e p a ra to ry
fu n n e l,  a f t e r  w h ic h  a f u r t h e r  c o n ta c t  w i th  a 0 .3  M h y d r o c h lo r ic
. (32)a c id  was c a r r ie d  o u t to  wash o u t any e n tra in e d  3 M a c id  and a v o id  
th e  e x t r a c t io n  o f  excess a c id  to  t h a t  n e ce ssa ry  f o r  th e  fo rm a t io n  o f  
s im p le  am ine s a l t .  On a l lo w in g  to  s ta n d  o v e r n ig h t ,  th e  two la y e rs  
c le a r ly  s e p a ra te d  and th e  u ppe r o rg a n ic  la y e r  was c a r e f u l l y  w ith d ra w n  
and was k e p t in  a s to p p e re d  c o n ta in e r .
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A g g re g a tio n  S tu d ie s :
S o lu t io n s  o f  t r io c t y la m in e  h yd ro b ro m id e  and h y d r io d id e  in
benzene ( 0 .0 2  M) w ere  p re p a re d  by n e u t r a l iz in g  amine s o lu t io n s  in
benzene w i th  aqueous a c id  i n  a s im i la r  manner to  t h a t  used f o r
t r io c t y la m in e  h y d ro c h lo r id e  d e s c r ib e d  above. T r i-n -o c ty la m m o n iu m
n i t r a t e ,  how eve r, was p re p a re d  by  u s in g  a more d i l u t e  aqueous
s o lu t io n  in  co m p a riso n  to  h y d r o c h lo r ic ,  h yd ro b ro m ic  and h y d r io d ic
a c id s  used f o r  th e  p r e p a r a t io n  o f  t h e i r  c o rre s p o n d in g  s a l t s .  T h is
is  due to  th e  f a c t  t h a t  excess n i t r i c  a c id  may be e x t ra c te d  in t o
(29 )th e  o rg a n ic  phase i f  c o n c e n tra te d  s o lu t io n s  o f  th e  a c id  a re  used , 
S o lu t io n s  o f  tr io c ty la m m o n iu m  th io c y a n a te  and p e r io d a te  in  benzene 
were o b ta in e d  by tw ic e  c o n ta c t in g  a s o lu t io n  o f  t r i-n -o c ty la in m o n iu m  
c h lo r id e  (0 .0 2  M) i n  benzene w i th  aqueous s o lu t io n s  o f  p o ta s s iu m  
th io c y a n a te  and sod ium  p e r io d a te  (^  0 .3  M) a c id i f ie d  by h y d r o c h lo r ic  
a c id .  T e s ts  w i t h  a s i l v e r  n i t r a t e  s o lu t io n  c o n firm e d  th e  absence o f  
c h lo r id e  io n s  fro m  th e  o rg a n ic  phase . The r a t i o  o f  a c id :  am ine in  a l l  
th e  s a l t s  o b ta in e d  above was fou n d  to  be v e ry  c lo s e  to  u n i t y .  S o lu t io n s  
o f  lo w e r c o n c e n tra t io n  o f th e  above amine s a l t s  were p re p a re d  by 
d i l u t i o n  w i th  w a te r - s a tu ra te d  benzene.
c) P re p a ra tio n  o f  Benzene S o lu t io n s  o f  T r i-n -o c ty la m in e  S a lts  f o r
175
X
(5 ,1 ,3 )  Anion-Exchange E x t ra c t io n  E q u i l ib r ia :
S o lu t io n s  o f  p o ta s s iu m  c h lo r id e ,  b ro m id e , io d id e ,  n i t r a t e ,
th io c y a n a te ,  su lpham ate  and io d a te  and sodium  p e r io d a te ,  c h lo r id e
and benzene s u lp h o n a te  (0 .1  M) w e re  p re p a re d  and t h e i r  pH ’ s were
a d ju s te d  to  pH = 3 by th e  a d d i t io n  o f  t h e i r  c o rre s p o n d in g  a c id s
( 0 , 1  M ), so th a t  th e  t o t a l  e q u iv a le n t  c o n c e n tra t io n  rem a ined  c o n s ta n t .
To p re p a re  th e  i n i t i a l  aqueous s o lu t io n s  fo r th e  a n io n  exchange is o th e rm s ,
d i f f e r e n t  p ro p o r t io n s  o f  th e  s o lu t io n s  o f  th e  above a n io n s  (pH “  3)
and o f  th e  c h lo r id e  io n  w ere m ixed in  such a way th a t  th e  n o n -c o u n te r
io n  (K o r  Na ) i n  each m ix tu re  was th e  same. The p ro p o r t io n s  in
w h ic h  each p a i r  o f  s o lu t io n s  w ere  m ixed can be seen in  T a b le  ( 5 .1 ) .
( 290>
As i t  i s  known th a t  aqueous s o lu t io n s  c o n ta in in g  su lp h a m ic
a c id  and su lpham ates undergo  h y d r o ly s is  a c c o rd in g  to  r e a c t io n  ( 5 . 1 . 1 ) ,
n h 2so 3 + h 2o —  ±  n h *  + SO2"  ( 5 .1 .1 )
th e se  s o lu t io n s  w ere  p re p a re d  j u s t  b e fo re  th e  e x t r a c t io n  p ro c e s s .
( 2 9 i)However, i t  has been shown th a t  a 0.03M  s o lu t io n  o f  su lpham ic
a c id  h y d ro ly s e s  o n ly  up to  3% a f t e r  s ta n d in g  f o r  th re e  m onths a t  
25°C. T h e re fo re ,  i t  i s  e xp e c te d  th a t  th e  e x t r a c t io n  r e s u l t s  a re  n o t 
a f fe c te d  by r e a c t io n  ( 5 . 1 . 1 ) .
The a n io n  exchange e x t r a c t io n  e q u i l i b r i a  were e s ta b lis h e d  by 
m a n u a lly  s h a k in g  e q u a l vo lum es (25  m l)  o f  th e  p re p a re d  aqueous 
s o lu t io n s  o f  d i f f e r e n t  a n io n s  and o f  a s o lu t io n  o f  t r i-n -o c ty la m m o n iu m  
c h lo r id e  (T0A.HC1) in  benzene (0 .1  M ), S e p a ra to ry  fu n n e ls  were used
176
Table (5.1) -  Mixing proportions for the preparation of 
aqueous phase so lu tion s. B represents: 
bromide, iodide, n i tr a te ,  thiocyanate, 
sulphamate, periodate, iodate and benzene 
sulphonate ions.
No Cl so lution  1 (pH = 3 )  mi
B so lution  . 
(pH = 3) ml
1 50.0 0 .0
2 45.0 5.0
3 40.0 10.0
4 35.0 15.0
5 30.0 20.0
6 25.0 25.0
7 20.0 30.0
8 15.0 35.0
9 10.0 40.0
10 5.0 45.0
X 111
f o r  th e  sh a k in g  w h ic h  was c a r r ie d  o u t c o n t in u o u s ly  f o r  15 m in u te s  a t  
room te m p e ra tu re  £20 ± 1 °C ) , A f t e r  e q u i l ib r a t io n  th e  m ix tu re s  w ere 
a llo w e d  to  s ta n d  o v e rn ig h t  to  a l lo w  com p le te  phase s e p a ra t io n .  To 
a v o id  any k in d  o f  d e c o m p o s it io n , in  some cases th e  s e p a ra to ry  fu n n e ls  
w ere cove red  in  a lu m in iu m  f o i l .  A f t e r  th e  s e p a ra t io n  o f  phases , 
a l iq u o ts  o f  th e  aqueous phases w ere w ith d ra w n  and a n a lyse d  f o r  
c h lo r id e  io n  and a ls o ,  in  a l l  cases e xce p t n i t r a t e  and benzene 
s u lp h o n a te  sys tem s, f o r  th e  exch a n g in g  a n io n . C o n s id e r in g  th e  i n i t i a l  
c o n c e n tra t io n s  o f  a n io n s  in  th e  aqueous phase and o f  tr i-n -o c ty la m m o n iu m  
c h lo r id e  in  th e  o rg a n ic  p hase , th e  e q u iv a le n t  io n ic  f r a c t io n s  o f  
c h lo r id e  io n  and e xch a n g in g  io n  in  aqueous and o rg a n ic  phases o f  
each system  w ere c a lc u la te d .  F o r th e se  c a lc u la t io n s  th e  c o n c e n tra t io n  
o f  c h lo r id e  io n  in  th e  o rg a n ic  phase was o b ta in e d  fro m  th e  r e la t io n
[ C l " ] o= [T 0 A .H C 1 ] . -  ( t c r j a -  [C l” ] . )
w here [T0A*HC1]^ i s  th e  i n i t i a l  c o n c e n tra t io n  o f  am ine h y d ro c h lo r id e  in  
th e  o rg a n ic  phase and [C l ] ^ ,  [C l and [C l ] q a re  th e  i n i t i a l
c o n c e n tra t io n  o f  c h lo r id e  i n  th e  aqueous phase , th e  e q u i l ib r iu m
c o n c e n tra t io n  o f  c h lo r id e  i n  th e  aqueous phase and th e  e q u i l ib r iu m
c o n c e n tra t io n  o f  c h lo r id e  in  th e  o rg a n ic  phase , r e s p e c t iv e ly .  In
th o se  cases w here  th e  e q u i l ib r a te d  aqueous s o lu t io n s  w ere  a n a lyse d  
o n ly  f o r  c h lo r id e  io n ,  t h a t  i s  th e  n i t r a t e  and benzene s u lp h o n a te  
sys tem s, th e  c o n c e n tr a t io n  o f  th e  exchang ing  io n  in  aqueous and o rg a n ic  
phases o b ta in e d  by s u b t r a c t io n  fro m  th e  i n i t i a l  amounts w ere used f o r  
th e  c a lc u la t io n  o f  e q u iv a le n t  io n ic  f r a c t io n s .  As a ch e ck , th e  t o t a l  
c o n c e n tra t io n  o f  th e  am ine s a l t  i n  th e  o rg a n ic  phase a t  e q u i l ib r iu m  
was a ls o  measured by  a c id -b a s e  o r  a rg e n to m e tr ic  t i t r a t i o n s  f o r  a l l  th e
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system s s tu d ie d ,  w h ic h  showed th a t  a s l i g h t  amount o f  d e c o m p o s it io n  o f
r
th e  o rg a n ic  phase occurjed in  .most o f  th e  sys tem s, b u t  i t  was d is re g a rd e d  
due to  i t s  n e g l i g i b i l i t y ,
( 5 .1 ,4 )  A n a ly s is  o f  S o lu t io n s :
The e q u i l ib r a te d  aqueous s o lu t io n s  w ere a lw ays a n a ly s e d , e xce p t 
i n  n i t r a t e  and benzene s u lp h o n a te  e x t r a c t io n  sys tem s, f o r  b o th  th e  
c h lo r id e  and e xch a n g in g  io n s .  As d i f f e r e n t  m ethods o f  a n a ly s is  were 
used in  each c a se , th e y  a re ,  t h e r e fo r e ,  d e s c r ib e d  s e p a ra te ly .
a) D e te rm in a t io n  o f  C h lo r id e  I o n : The m ost c o n v e n ie n t and , a t  th e
same t im e ,  re a s o n a b ly  a c c u ra te  method o f  c h lo r id e  a n a ly s is  was 
c o n s id e re d  to  be th e  p o te n t io m e t r ic  t i t r a t i o n  o f  th e  s o lu t io n s  a g a in s t  
a s i l v e r  n i t r a t e  s o lu t io n ,  In  th e  n i t r a t e  and benzene s u lp h o n a te  
e x t r a c t io n  sys tem s, where o n ly  th e  c h lo r id e  c o n te n t o f  th e  aqueous 
phase was d e te rm in e d , s u i t a b le  a l iq u o ts  o f  th e  aqueous s o lu t io n s  were 
ta k e n  and t i t r a t e d  a g a in s t  a 0 ,0 5  M s i l v e r  n i t r a t e  s o lu t io n ,  The 
t i t r a t i o n s  were c a r r ie d  o u t w i t h  th e  a id  o f  "R a d io m e te r"  and " M e t t le r "  
a u to m a tic  t i t r a t i o n  a sse m b lie s  in  th e  cases o f  n i t r a t e  and benzene 
s u lp h o n a te  e x t r a c t io n  sys te m s , r e s p e c t iv e ly .  These in s tru m e n ts  were 
equ ipped  w i th  a s i lv e r /m e rc u ro u s  s u lp h a te  e le c t ro d e  system  and th e  
s o lu t io n s  were made 1 M in  s u lp h u r ic  a c id  b e fo re  th e  t i t r a t i o n .  W ith  
"R a d io m e te r"  th e  end p o in t  was fo u n d  fro m  th e  i n f l e c t i o n  p o in t  in  th e  
t i t r a t i o n  cu rve  and w i th  " M e t t le r " ,  where th e  f i r s t  d e r iv a t iv e  o f  
p o t e n t ia l  r e la t i v e  to  vo lum e was a u to m a t ic a l ly  p lo t t e d  a g a in s t  th e  
volum e o f  th e  t i t r a n t ,  th e  maximum in  th e  t i t r a t i o n  c u rv e  was used 
to  f in d  th e  end p o in t .
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b ) D e te rm in a t io n  o f  B rom ide Io n  : I t  s h o u ld  g e n e r a l ly  be p o s s ib le  to
d e te rm in e  th e  c o n c e n tra t io n  o f  b ro m id e  ( in  a s o lu t io n  c o n ta in in g  c h lo r id e )
w i t h  a s in g le  p o te n t io m e t r ic  t i t r a t i o n  o f  th e  s o lu t io n  w i t h  s i l v e r
n i t r a t e .  Due to  th e  re a s o n a b ly  la rg e  d i f f e r e n c e  in  th e  s o l u b i l i t y
p ro d u c ts  o f  s i l v e r  c h lo r id e  (A gC l) and s i l v e r  b rom ide  (A g B r) , a
t i t r a t i o n  c u rv e  c o n s is t in g  o f two i n f l e c t i o n  p o in ts  s h o u ld  be o b ta in e d .
U n fo r tu n a te ly ,  how eve r, due to  te c h n ic a l  d i f f i c u l t i e s  obse rved  in
"R a d io m e te r " ,  th e  o n ly  in s tru m e n t a v a i la b le  a t  th e  t im e ,  o n ly  one
i n f l e c t i o n  p o in t  in d ic a t in g  th e  t o t a l  c o n c e n tra t io n  o f  c h lo r id e
and b rom ide  in  th e  s o lu t io n  c o u ld  be o b ta in e d . T h e re fo re  i t  was
d e s ir a b le  to  f in d  a m ethod w i th  w h ic h  one o f  th e  two io n s  c o u ld  be
d e te rm in e d  w ith o u t  th e  in te r fe r e n c e  o f  th e  o th e r .  The f o l lo w in g  m ethod
was found  to  be b o th  a c c u ra te  ( e r r o r  le s s  th a n  + 0,3% ) and c o n v e n ie n t
(292) ft
I n  t h i s  m ethod , b rom ide  in  a m ix tu re  w i t h  c h lo r id e  i s  f i r s t  
q u a n t i t a t i v e l y  o x id iz e d  to  b rom ine  by  an a c id ic  s o lu t io n  o f  hyd rogen  
p e ro x id e  and s u b s e q u e n tly  "a b s o rb e d "  w i th  8- h y d ro x y q u in o l in e  ( o x in e ) :
2B r” + H20 2 + 2H+  >  B r£ + 2H20 ( 5 .1 .2 )
CLH.ON + 2 B r0   C rfU Br-O N  + 2Br~ + 2H+ (5 .1 .3 )v l  I. v J Z
ft v «The b rom ide  fo rm ed in  r e a c t io n  ( 5 ,1 ,3 )  i s  o x id iz e d  a g a in  and a g a in  
u n t i l  a l l  i s  consumed by  th e  o x in e ,  ' The c h lo r id e  b e in g  fre e d  fro m  
th e  in te r fe r e n c e  o f  b ro m id e  can now be t i t r a t e d  p o te n t io m e t r ic a l ly  
w i t h  s i l v e r  n i t r a t e .  The b rom ide  c o n c e n tra t io n  can th e n  be d e te rm in e d  
by d i f f e r e n c e  fro m  th e  p o te n t io m e t r ic  t i t r a t i o n  o f  a second a l iq u o t
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A s o lu t io n  o f  o x in e  in  a c e t ic  a c id  was p re p a re d  by d is s o lv in g  
o x in e  (4 g r )  in  g la c ia l  a c e t ic  a c id  (6 m l)  and d i l u t i n g  th e  
s o lu t io n  w i t h  w a te r  to  100 m l.  Aqueous ammonia was th e n  added 
d ro p w ise  u n t i l  a t u r b i d i t y  appeared  in  th e  s o lu t io n ,  w h ic h  was 
d is s o lv e d  by a d ro p w ise  a d d i t io n  o f  a c e t ic  a c id ,  An a c e t ic  a c id  
s o lu t io n  o f  hyd rogen  p e ro x id e  was p re p a re d  by m ix in g  two p a r ts  o f  
6% H20 2 and one p a r t  o f  g la c ia l  a c e t ic  a c id .  To 10 m l a l iq u o ts  o f  th e  
aqueous s o lu t io n s  c o n ta in in g  c h lo r id e  and b rom ide  were added hyd rogen  
p e ro x id e  s o lu t io n  (10 m l ) , o x in e  s o lu t io n  (5 m l) and th e n  6 M 
n i t r i c  a c id  s o lu t io n .  N i t r i c  a c id  was added as much as n e ce ssa ry  to  
d is s o lv e  the  p r e c ip i t a t e  w h ich  fo rm ed  in  th e  s o lu t io n .  The m ix tu re s  
were th e n  warmed f o r  f i v e  m in u te s  in  a w a te r  b a th  a t  ~  40°C . By 
a n a ly z in g  s e v e ra l s o lu t io n s  c o n ta in in g  known amounts o f  c h lo r id e  
and b rom ide  th e  te m p e ra tu re  and th e  tim e  o f  w arm ing re q u ire d  was 
fo u n d . A f t e r  c o o l in g  th e  m ix u t r e s ,  th e y  were made ~  90% in  a ce tone  
and th e n  t i t r a t e d  p o t e n t io m e t r ic a l ly  w i t h  s i l v e r  n i t r a t e  (0 .0 5  M) 
u s in g  th e  s ilv e r /m e rc u ro u s  s u lp h a te  e le c t ro d e  sys tem . The c o n c e n tra t io n  
o f  c h lo r id e  io n  in  th e  m ix tu re  was fo u n d  fro m  t h i s  t i t r a t i o n .  S im i la r  - 
a l iq u o ts  o f  th e  aqueous s o lu t io n s  o f  c h lo r id e  and b rom ide  o b ta in e d  
from  th e  e x t r a c t io n  e q u i l i b r i a  w ere t i t r a t e d  w i th  s i l v e r  n i t r a t e  
in  a s im i la r  manner to  th a t  o f  s o lu t io n s  c o n ta in in g  o n ly  c h lo r id e  , 
w ith o u t  any t re a tm e n t .  The t o t a l  c o n c e n tra t io n  o f  c h lo r id e  and 
brom ide  in  each m ix tu re  was fo u n d  fro m  th e se  t i t r a t i o n s ,  The b rom ide  
c o n c e n tra t io n  in  th e  o r i g i n a l  aqueous s o lu t io n s  was fo u n d  fro m  th e  
d i f fe r e n c e  between th e  t r e a te d  and u n tre a te d  t i t r a t i o n s ,
o f the  same b ro m id e -c h lo r id e  m ix tu re ,
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c ) D e te rm in a t io n  o f  Io d id e  and T h io c y a n a te  Io n s : Aqueous s o lu t io n s  
c o n ta in in g  c h lo r id e  and io d id e  o r  th io c y a n a te  io n s  w ere t i t r a t e d  
p o te n t io m e t r ic a l ly  w i t h  a s ta n d a rd  s o lu t io n  o f  s i l v e r  n i t r a t e .  The 
" M e t t le r "  a u to m a tic  t i t r a t i o n  assem b ly , a g a in  equ ipp ed  w i th  s i l v e r /  
m ercu rous s u lp h a te  e le c t ro d e  c o m b in a tio n , was used in  th e  t i t r a t i o n s .  
S u ita b le  a l iq u o ts  o f  th e  aqueous s o lu t io n s  were ta k e n  and made 1 M
in  s u lp h u r ic  a c id  and th e n  t i t r a t e d  a g a in s t  th e  s ta n d a rd iz e d  s i l v e r  
n i t r a t e  s o lu t io n  (0 ,0 5  M ). As th e  f i r s t  d e r iv a t iv e  o f  p o te n t ia l  
r e l a t i v e  to  vo lum e was a u to m a t ic a l ly  p lo t t e d  a g a in s t  th e  volum e o f  th e  
t i t r a n t ,  two sha rp  maximunis o ccu re d  in  each t i t r a t i o n  c u rv e , th e  
f i r s t  o f  w h ic h  co rre sp o n d e d  to  th e  t i t r a t i o n  o f  io d id e  o r  th io c y a n a te  
and th e  second to  th e  t i t r a t i o n  o f  c h lo r id e .  The c o n c e n tra t io n s  o f  
io d id e  o r  th io c y a n a te  in  a d d i t io n  to  c h lo r id e  w ere o b ta in e d  fro m  
th e se  two maxima ,
d) D e te rm in a t io n  o f  Io d a te  and P e r io d a te  Io n s :  Io d a te  and
p e r io d a te  io n s  a re  r e a d i ly  r e d u c ib le  by s u lp h u ro u s  a c id  to  io d id e  
(293)io n  and th e y  can th e r e fo r e  be d e te rm in e d  a r g e n to m e t r ic a l ly .
S u ita b le  a l iq u o ts  (n o rm a lly  5 m l) o f  th e  e x t r a c te d  aqueous s o lu t io n s  
c o n ta in in g  c h lo r id e  and io d a te  o r  p e r io d a te  io n s  w ere  p ip e t te d  in to  
100 m l b e a ke rs  and th e n  a c id i f i e d  w i th  1 M s u lp h u r ic  a c id  (5 m l)  . 
F re s h ly  p re p a re d  s o lu t io n  o f  s u lp h u ro u s  a c id  w h ic h  was made by 
s a tu r a t in g  w a te r  w i t h  s u lp h u r  d io x id e  gas was added u n t i l  th e  
s o lu t io n s  w h ic h  a t  f i r s t  became y e l lo w ,  on a cco u n t o f  th e  s e p a ra t io n  
o f  io d in e ,  were a g a in  c o lo u r le s s .  A f t e r  b o i l i n g  o f f  th e  excess 
s u lp h u r  d io x id e  and c o o l in g ,  the  s o lu t io n s  were t i t r a t e d  f o r  c h lo r id e  
and io d id e  in  th e  same way as d e s c r ib e d  in  th e  p re v io u s  s e c t io n .  The 
r e l i a b i l i t y  o f  t h i s  m ethod o f  a n a ly s is  was te s te d  by u s in g  s ta n d a rd
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s o lu t io n s  c o n ta in in g  c h lo r id e ,  and io d a te  o r  p e r io d a te  io n s .  The 
e r r o r  was fo u n d  to  be le s s  th a n  0.3% ,
e) D e te rm in a t io n  o f  Sulpham ate Io n :  Aqueous s o lu t io n s  c o n ta in in g  
c h lo r id e  and su lpham ate  w ere p o te n t io m e t r ic a l ly  t i t r a t e d  w i th  s i l v e r  
n i t r a t e  as d e s c r ib e d  b e fo re  to  d e te rm in e  th e  c o n c e n tra t io n  o f  c h lo r id e  
in  th e se  s o lu t io n s .  To d e te rm in e  th e  c o n c e n tra t io n  o f  su lpham ate  i o n ,  
how ever, s e v e ra l m ethods o f  a n a ly s is  were c o n s id e re d , fro m  w h ic h  th e  
f o l lo w in g  was fo u n d  c o n v e n ie n t and a c c u ra te .
I t  i s  known th a t  su lpham ates can be q u a n t i t a t i v e ly  o x id iz e d  to  
s u lp h a te s  i f  re a c te d  w i t h  n i t r o u s  a c id  a c c o rd in g  to  r e a c t io n  ( 5 . 1 . 4 ) :
NH2s° 3  + HN02 ---------->  SO2"  + N2 f +  H+ + H20 ( 5 .1 .4 )
T h e re fo re ,  th e y  can e a s i ly  be d e te rm in e d  as s u lp h a te s .  S u lp h a te s  
th em se lves  can be d e te rm in e d  i n  d i f f e r e n t  ways fro m  w h ic h  t h e i r  
p r e c ip i t a t io n  as b a r iu m  s u lp h a te  by an excess amount o f  b a riu m  io n  
s o lu t io n  and a subsequen t d e te rm in a t io n  o f  th e  excess b a r iu m  by 
c o m p le x im e tr ie  t i t r a t i o n  w i t h  d is o d iu m  d ih y d ro g e n  e th y le n e d ia m in e te t r a -  
a c e ta te  (E .D .T .A ) was fo u n d  s u i t a b le .
S u ita b le  a l iq u o ts  (n o rm a lly  5 m l) o f  aqueous s o lu t io n s  
c o n ta in in g  su lpham a te  were p ip e t te d  in t o  150 m l b e a ke rs  and 0 .1  M 
s o lu t io n  o f  h y d r o c h lo r ic  a c id  ( 7 .5  m l)  and an excess amount o f  1 % 
sodium  n i t r i t e  s o lu t io n  (10 m l) were added to  each s o lu t io n .  The 
m ix tu re s  were th e n  b o i le d  f o r  ab o u t 3 m in u te s  u n t i l  no more
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n it r o g e n  gas was l ib e r a te d ,  W h ile  h o t ,  an excess amount (25 m l)  o f  
a s ta n d a rd  s o lu t io n  o f  b a r iu m  n i t r a t e  (0 ,0 2 5 0  M) w ere s lo w ly  added 
to  each m ix tu re  and th e n  b o i le d  f o r  a few  more m in u te s  to  h e lp  in  
th e  s e p a ra t io n  o f  b a r iu m  s u lp h & te  p r e c ip i t a t e  fro m  th e  s o lu t io n .
To d e te rm in e  th e  excess amount o f  b a riu m  p re s e n t in  each m ix tu re ,  
th e y  w ere p o te n t io m e t r ic a l ly  t i t r a t e d  a g a in s t  a s ta n d a rd  s o lu t io n  o f  
E .D .T .A . (0 .0 2 5  M) u s in g  a m e rc u ry /m e rc u ry  ( I I )  -  E .D .T .A , com plex 
e le c t r o d e  as th e  in d ic a t o r  e le c t r o d e  and a ca lo m e l e le c t ro d e  as th e
re fe re n c e  e le c t r o d e ,  A m e rcu ry  e le c t ro d e  o f  th e  ty p e  d e s c r ib e d  by
(293 )V oge l was c o n s tru c te d  fro m  P y re x  tu b in g .  T h is  was made by
jo in in g  a g la s s  cup o f  10  mm d ia m e te r  and 10  mm h e ig h t  to  th e  b o tto m  
end o f  a g la s s  tu b in g  o f  12 cm le n g th ,  A lo n g  p ie c e  o f  p la t in u m  
w ire  was passed th ro u g h  th e  tu b in g  so th a t  i t  reached  i t s  b o tto m  end 
w h i le  i t  p ro tru d e d  a t  th e  to p  o f  th e  e le c t ro d e  tu b e . The e le c t ro d e  
was f i l l e d  w i t h  p u re  and c le a n  m e rcu ry  fro m  above and i t  was a llo w e d  
to  pass in t o  th e  a n n u la r  space th ro u g h  a h o le  made a t  th e  b o tto m  end 
o f  th e  g la s s  tu b in g  u n t i l  th e  o u ts id e  com partm ent was a lm o s t f i l l e d .  
The m e rcu ry  used was o c c a s io n a l ly  washed w i th  d i l u t e  n i t r i c  a c id  and 
th o ro u g h ly  r in s e d  w i th  d i s t i l l e d  w a te r  to  remove any s u r fa c e  c o a t in g  
o f  m e ta l o x id e s .
To th e  s o lu t io n  under t e s t  was added a b u f f e r  s o lu t io n  o f
(293)ammonia-ammonium n i t r a t e  (pH -  10) p re p a re d  a c c o rd in g  to  V oge l ,
The amount o f  b u f f e r  added (25 m l)  was enough to  n e u t r a l iz e  th e  
s o lu t io n  and th e n  a d ju s t  i t s  pH a t  10, The m e rcu ry  e le c t ro d e  a lo n g  
w i t h  th e  ca lo m e l e le c t r o d e  w ere d ip p e d  in t o  th e  s o lu t io n  and 0 .0 0 1  M 
m e rcu ry  ( I I )  -  E .D .T .A  com plex ( 1 m l)  was added^ ^ 4 )  to  e s ta b l is h
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th e  m e rc u ry /m e rc u ry  C H ) ** E ,D ,T ,A , com plex e le c t ro d e  n e c e ssa ry  f o r  
th e  t i t r a t i o n ,  U s in g  th e  " M e t t le r "  a u to m a tic  t i t r a t i o n  a sse m b ly , th e  
s o lu t io n  was th e n  t i t r a t e d  w i t h  a s ta n d a rd  s o lu t io n  o f  E .D .T .A  (0 ,0 2 5  M) 
As oxygen in t e r f e r e s  w i t h  th e  t i t r a t i o n  o f  b a r iu m , i t  was e xc lu d e d  
fro m  th e  s o lu t io n  by  s lo w ly  p a s s in g  n i t r o g e n  gas th ro u g h  th e  s o lu t io n  
b e fo re  and d u r in g  th e  t i t r a t i o n 8294^ , From th e  d e te rm in e d  excess 
amount o f  b a r iu m  p re s e n t in  each s o lu t io n ,  th e  c o n c e n tra t io n  o f  
s u lp h a te  and s u b s e q u e n tly  su lpham a te  io n s  were d e te rm in e d .
■G O rg a n ic  Phase T i t r a t i o n s : The t o t a l  i n i t i a l  c o n c e n tra t io n  o f  
t r i-n -o c ty la m m o n iu m  c h lo r id e  in  benzene s o lu t io n s  o f  th e  s a l t  was 
d e te rm in e d  e i t h e r  by  t i t r a t i n g  s u i ta b le  a l iq u o ts  (2 m l)  o f  th e  
s o lu t io n ,  added to  75% e th a n o l (25 m l) ,  w i t h  aqueous sod ium  h y d ro x id e  
(0 ,1  M ), o r  th ro u g h  th e  d e te rm in a t io n  o f  c h lo r id e  by t i t r a t i n g  5 m l 
a l iq u o ts  o f  th e  s o lu t io n ,  added to  50% ace tone  (50 m l) ,  w i t h  s i l v e r  
n i t r a t e  (0 ,0 5  M) , B o th  ty p e s  o f  t i t r a t i o n s  were c a r r ie d  o u t 
p o te n t io m e t r ic a l ly  and g la s s /c a lo m e l and s i lv e r /m e rc u ro u s  s u lp h a te  
e le c t ro d e  system s w ere used in  a c id -b a s e  and a rg e n to m e tr ic  t i t r a t i o n s  s 
r e s p e c t iv e ly .  As p r e v io u s ly  m en tio n e d  ( 5 , 1 , 3 ) ,  th e  e q u i l ib r a te d  
o rg a n ic  s o lu t io n s  w ere a ls o  t i t r a t e d  e i t h e r  by a c id -b a s e  t i t r a t i o n  
to  d e te rm in e  th e  t o t a l  amine s a l t  p re s e n t ,  o r  by a rg e n to m e tr ic  t i t r a t i o n ,  
to  d e te rm in e  th e  c h lo r id e  c o n c e n tra t io n .  The t i t r a t i o n s  w ere c a r r ie d  
o u t in  s im i la r  ways to  th o se  m en tioned  above.
( 5 .1 .5 )  Vapou r  P re s s u re  L o w e rin g  Measurements :
As p r e v io u s ly  d e s c r ib e d  in  s e c t io n  ( 3 . 2 ) ,  th e  s a tu ra te d  vapour
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p re s s u re  o f  a s o lu t io n  i s  lo w e r th a n  th a t  o f  th e  p u re  s o lv e n t ,  T h is  
lo w e r in g  o f  va p o u r p re s s u re  i s  a u s e fu l  p a ra m e te r , s in c e  i t  i s  
p r o p o r t io n a l  to  th e  number o f  s o lu te  m o le cu le s  p re s e n t in  th e  s o lu t io n  
and i t  can th e r e fo r e  be used in  m o le c u la r  w e ig h t m easurem ents. The 
m ethod i s  based on th e  m easurem ent o f  th e  te m p e ra tu re  d i f fe r e n c e  
betw een two m atched th e r m is to r  beads k e p t in  a chamber s a tu ra te d  
w i t h  s o lv e n t  a t  a s p e c i f ie d  te m p e ra tu re , On one bead i s  p la c e d  a 
d rop  o f  s o lv e n t  and on th e  o th e r  a d rop  o f  s o lv e n t  c o n ta in in g  th e  
s o lu te  unde r s tu d y . On th e  bead w i t h  s o lv e n t  p lu s  s o lu te ,  s o lv e n t  
condenses and th e  te m p e ra tu re  r is e s ,  When a s te a d y  s ta te  is  reached  
th e  te m p e ra tu re  d i f fe r e n c e  A t i s  r e g is te r e d  as th e  p r o p o r t io n a l  
q u a n t i t y  A r , th e  d i f f e r e n c e  i n  r e s is ta n c e ,  m easured w i th  a W heatstone 
b r id g e .  The q u a n t i t y  A t and th u s  A r i s  p r o p o r t io n a l  to  th e  c o n c e n tra t io n  
o f  s o lu te  m o le c u le s  p re s e n t and can be used to  o b ta in  th e  m o le c u la r  
w e ig h t o f  th e  s o lu te  in  th e  s o lv e n t .  I n  th e  p re s e n t va p o u r p re s s u re  
lo w e r in g  m easurem ents th e  in s tru m e n t was f i r s t  c a l ib r a te d  f o r  th e  
s o lv e n t  used and th e n  m easurem ents on th e  unknown s o lu t io n s  w ere 
c a r r ie d  o u t .
a) C a l ib r a t io n  o f  th e  In s t r u m e n t : The c a l ib r a t io n  o f  th e  m o le c u la r
w e ig h t a p p a ra tu s  d e s c r ib e d  i n  s e c t io n  (3 ,2 )  i s  im p o r ta n t , s in c e  i t
fo rm s th e  b a s is  f o r  th e  m easurem ents o f  unknown s o lu t io n s .  The
a p p a ra tu s  was c a l ib r a te d  f o r  benzene w h ich  is  th e  s o lv e n t  f o r
t r io c t y la m in e  s a l t s  s tu d ie d  in  t h i s  w o rk . The m ost common s ta n d a rd
compound, t h a t  i s  b e n z i l  (CgH^COCOCgH^), was used f o r  th e  c a l ib r a t io n
(132)o f  th e  in s tru m e n t ,  s in c e  i t  has been shown th a t  t h i s  compound is
m onom eric in  benzene in  th e  range  o f  c o n c e n tra t io n  s tu d ie d  in  the
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p re s e n t w o rk , A s e r ie s  o f  s ta n d a rd  s o lu t io n s  o f  b e n z i l  i n  benzene
(0 ,0 0 1  -  0 ,0 2  M) w ere  p re p a re d  by  d is s o ly in g  a c c u ra te ly  w e ighed
q u a n t i t ie s  o f  p u re  b e h z i l  i n  w a te r i-s a tu ra te d  " a n a ly t i c a l  re a g e n t"
benzene. T h is  range  o f  c o n c e n tra t io n  recommended b y  th e  m a n u fa c tu re rs
o f  th e  in s t ru m e n t  c a r r ie s  a maximum e r r o r  o f  ± 2% in  th e  m easurements 
(283) , S o lu t io n s  o f  more s o lu te  c o n c e n tra t io n  w ere fou n d  to  be 
o u ts id e  th e  range  o f  th e  in s tru m e n t
W ith  th e  in s t ru m e n t s e t up , th e  o p e ra t io n  te m p e ra tu re  e q u i l ib r iu m  
a ch ie v e d  (25°C ) and th e  c e l l  s t a b i l i t y  checked , th e  in s tru m e n t ze ro  had 
to  be e s ta b l is h e d .  T h is  was done by  in je c t in g  one d rop  o f  benzene on 
th e  re fe re n c e  th e r m is to r  and a n o th e r on th e  sample th e rm is to r  and 
r o t a t in g  th e  A r d ia l  u n t i l  th e  m e te r p o in te r  in d ic a te d  z e ro . The 
A r  v a lu e  o b ta in e d  i s  th e  z e ro  o f  th e  in s tru m e n t w h ic h  is  th e  v a lu e  o f  
A r when th e  two th e r m is to r s  a re  a t  an e q u a l te m p e ra tu re . T h is  
v a lu e  i s  to  be s u b tra c te d  fro m  a l l  A r v a lu e s  o b ta in e d  f o r  sample 
s o lu t io n s .
H a v in g  o b ta in e d  th e  z e ro  o f  th e  in s t r u m e n t ,  th e  A r v a lu e s  f o r  
d i f f e r e n t  s o lu t io n s  o f  b e n z i l  w ere measured in  th e  o rd e r  o f  in c re a s in g  
c o n c e n t ra t io n .  To do t h i s ,  f i v e  to  e ig h t  d rops  o f  s o lu t io n  were 
d isp e n se d  w i t h  th e  a p p r o p r ia te  s y r in g e  o n to  th e  sam ple th e r m is to r  to  
wash o f f  th e  p re v io u s  s o lu t io n .  The A r d ia l  was o p e ra te d  to  keep 
th e  m e te r on th e  s c a le  and a d rop  o f  s o lv e n t  was re le a s e d  o n to  th e  
re fe re n c e  th e r m is to r  a g a in  w i t h  th e  a p p ro p r ia te  s y r in g e .  A f t e r  two 
m in u te s  a n o th e r  d rop  o f  s o lu t io n  was d isp e n se d  o n to  th e  sample 
t h e r m is to r ,  and when th e  m e te r p o in te r  s e t t le d  to  a s ta b le  in d ic a t io n
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th e  W heats tone  b r id g e , b ^ l^ n c e  was ^ - e s t a b l is h e d  by R o ta t in g  th e
A r d ia l  u n t i l  th e  ' m e te r p o in te r  in d ic a te d  z e ro . The A r v a lu e  was
read  d i r e c t l y  fro m  th e  d i a l ,  D u r in g  th e  m easurem ents, how ever, i t
was o b se rve d  th a t  th e  m e te r  p o in te r  d id  n o t show any r e a l  s ta b le
in d ic a t io n  even a f t e r  te n  m in u te s  o f  d is p e n s in g  th e  s o lu t io n  d ro p . ,
Meeks and G o ld fa rb (281) jia ve  a^so shown th a t  AR i s  n o t a lw ays
s t a b i l i z e d  a f t e r  a s h o r t  t im e  o f  2 -  5 m in u te s  g e n e r a l ly  recommended
by m a n u fa c tu re rs , They have shown th a t  th e  t im e  re q u ire d  to  re a ch
a maximum v a lu e  o f  A r i s  dependent upon th e  c o n c e n tra t io n  o f  th e
s o lu t io n  and th a t  f o r  c o n c e n tra te d  s o lu t io n s  a s ta b le  A r  v a lu e  was
n o t o b ta in e d  a f t e r  a lo n g  t im e . In  th e  p re s e n t w o rk , th e  A r v a lu e s
were fo l lo w e d  f o r  8 m in u te s  a t  tim e  in t e r v a ls  o f  two m in u te s  and
th e  A r  v e rs u s  tim e  cu rve s  were e x tra p o la te d  to  ze ro  t im e , A s im i la r
(281 )
p ro ce d u re  has been fo l lo w e d  by Meeks and G o ld fa rb  , The ze ro
o f  th e  in s t ru m e n t ,  nam ely  th e  A r v a lu e  o b ta in e d  when th e  two 
th e rm is to r s  a re  a t  e q u a l te m p e ra tu re , was s u b tra c te d  fro m  th e  v a lu e s  
o b ta in e d  f o r  th e  s o lu t io n s  to  o b ta in  th e  r e a l  A r v a lu e s  f o r  th e  
s o lu t io n s  u n d e r s tu d y . The A r  measurements f o r  each in d iv id u a l  
s o lu t io n  were re p e a te d  a t  le a s t  th re e  t im e s  and th e  r e s u l t s  g iv e n  
in  t h is  w o rk  a re  th e  mean v a lu e s .  The r e p r o d u c ib i l i t y  o f  r e p e t i t i v e  
re a d in g s  was fo u n d  to  be b e t t e r  th a n  1 %.
b) V apour P re s s u re  L o w e rin g  Measurements f o r  T r i- n - o c ty la m in e  S a lts
in  Benzene ;
In  o rd e r  to  s tu d y  th e  a g g re g a t io n  b e h a v io u r o f  s o lu t io n s  o f  
t r i - n - o c t y la m in e  s a l t s  i n  benzene , vapou r p re s s u re  lo w e r in g  measurem ents 
were c a r r ie d  o u t f o r  th e s e  s a l t s  a t  25°C. Due to  th e  l im i t a t i o n s  in
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X
th e  m easu reab le  c o n c e n tra t io n  ra n g e , o n ly  s o lu t io n s  i n  th e  range o f  
0 .0 0 1  -  0 ,0 2  M w ere s tu d ie d ,  Benzene s o lu t io n s  o f  t r i - n - o c t y la m in e ,  
in  a d d i t io n  to  th e  am ine s a l t s  w ere a ls o  s tu d ie d  in  th e  same 
c o n c e n tra t io n  ra n g e . A r m easurem ents were c a r r ie d  o u t i n  th e  same 
way as th a t  d e s c r ib e d  f o r  b e n z i l  s o lu t io n s  used in  th e  c a l ib r a t io n  
o f  th e  in s t ru m e n t.  Here to o ,  th e  A r  v a lu e s  o b ta in e d  a t  two m in u te  
in t e r v a ls  were fo u n d  to  be u n s ta b le .  T h e re fo re  in  o rd e r  to  o b ta in  
r e l i a b le  r e s u l t s ,  th e y  w ere  a l l  e x tra p o la te d  to  ze ro  t im e .
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In  a two phase e x t r a c t io n  system  c o n ta in in g  t e r t i a r y  a lky lam m onium  
s a l t s ,  th e  exchange o f  a n io n s  may be d e s c r ib e d  by th e  g e n e ra l e q u a t io n :
(5 .2 )  R e su lts
(5 .2 ,1 )  A n ion  Exchange E q u i l ib r ia  :
2 A . 2B — - ZA" . ZA"
z r ( R oN H)  A +  Z a B "  —  z. (RoNH) B + z nAB 3 z . A A -3 z., BA B
(5 .2 ,1 )
w i t h  a the rm odynam ic e q u i l ib r iu m  c o n s ta n t
Z A Z -n Z D — Z * Z .  Z -
(X ) • (X ) • C • "f • fB  ^ B; U A; B A
A • < V A • * V ‘ A • V B • +  A
( 5 .2 .2 )
w here X^ and X^ a re  th e  e q u iv a le n t  io n ic  f r a c t io n s  o f  a n io n  i  i n  th e
aqueous and o rg a n ic  p h a se s , r e s p e c t iv e ly ;  and a re  th e  a c t i v i t y
c o e f f i c ie n t s  o f  a n io n  i  i n  th e  aqueous and o rg a n ic  p h a se s , r e s p e c t iv e ly ;
C = [A ] + [B ] and $ = [A ] + [B ] a re  th e  t o t a l  e q u iv a le n t  c o n c e n tra t io n s  
V  ZB“  .o f  a n io n s  A and B in  th e  aqueous and o rg a n ic  p h a s e s , r e s p e c t iv e ly ,
F o r a u n i - u n iv a le n t  a n io n  exchange e x t r a c t io n  sys tem , r e a c t io n
( 5 .2 ,1 )  and e q u a tio n  ( 5 .2 ,2 )  a re  s im p l i f ie d  to :
R3NHA + B  ^  R3NHB + A ( 5 .2 .3 )
K 8 = XB * XA * f B ' f A ( 5 .2 .4 )
A V  W  f B
il
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o r
= K.
w ith
K, ~ XB • XA
V  XB
( 5 . 2 . 5 )
( 5 .2 .6 )
where i s  th e  r a t io n a l  s e l e c t i v i t y  c o e f f i c ie n t  w h ic h , in  t h i s  ca se , 
i s  e q u a l to  m o la r o r  m o la l s e l e c t i v i t y  c o e f f ic ie n t s ,  T a k in g  lo g a r ith m s  
fro m  e q u a tio n  ( 5 .2 ,6 )  g iv e s
lo g  (XB/X A) = lo g  (X g /X A) + lo g  Ka  ( 5 .2 .7 )
The r e s u l t s  o f  th e  exchange o f  c h lo r id e  io n  f o r  d i f f e r e n t  
u n iv a le n t  a n io n s  s tu d ie d  i n  t h is  w o rk  a re  shown in  T a b le s  (5 .2 )  to  
(5 .9 )  in  th e  fo rm  o f  e q u iv a le n t  io n ic  f r a c t io n s .  In  ana lo g y  w i th  
io n  exchange r e s in s ,  th e  e q u iv a le n t  io n ic  f r a c t io n  o f  th e  e xchang ing  
io n s  in  th e  o rg a n ic  phase (X ^) have been p lo t t e d  a g a in s t  th e  
e q u iv a le n t  io n ic  f r a c t io n s  o f  th e  exchang ing  io n s  in  th e  aqueous phase 
(X g ) , These p lo t s  a re  shown in  F ig u re s  (5 .1 )  to  ( 5 . 4 ) ,  fro m  w h ich  
th e  fo l lo w in g  q u a l i t a t i v e  s e l e c t i v i t y  o rd e r  i s  fo u n d :.
I0 ~  < NH2S0“  < C l”  < B r”  < NO”  < C ^ S o ”  < IO ”  < i ”  < NGS”
!
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The Xg ve rsu s  Xg p lo t s  ( g e n e r a l ly  known as is o th e rm a l p lo t s )  a p a r t
fro m  b e in g  u s e fu l  i l l u s t r a t i o n s  o f  th e  s e l e c t i v i t y  p a t te rn s  a ls o
B
p ro v id e  a u s e fu l means o f  e v a lu a t in g  th e  s e p a ra t io n  f a c t o r  a  £2 . 2 . 1 )
A
w h ic h , in  th e  case o f  a u n i - u n iv a le n t  exchange sys tem , i s  e q u a l to  
th e  s e l e c t i v i t y  c o e f f i c ie n t ,
Now, to  show how th e  v a lu e s  o f  s e l e c t i v i t y  c o e f f ic ie n t s  change 
w i th  v a r ia t io n s  in  th e  c o n c e n tra t io n  o f  a n io n s  in  th e  system s s tu d ie d ,  
th e  v a lu e s  o f  lo g  (X g /X ^) v e rs u s  lo g  (X g /X ^) have been p lo t t e d  a g a in s t  
each o th e r ,  a c c o rd in g  to  e q u a tio n  ( 5 , 2 , 7 ) ,  and th e y  a re  shown in  
F ig u re  ( 5 ,5 ) ,  F o r two sys tem s, nam ely th e  system s in v o lv in g  th e  
exchange o f  c h lo r id e  io n  f o r  th io c y a n a te  and io d a te  io n s  shown in  
T ab les  (5 .5 )  a n d ( 5 . 8) and p lo t t e d  in  F ig u re  ( 5 . 4 ) ,  no tre a tm e n t o f  
th e  e x p e r im e n ta l r e s u l t s  has been c a r r ie d  o u t .  T h is  was because o f  
th e  u n c e r ta in ty  i n  th e  e x p e r im e n ta l v a lu e s  o f  e q u iv a le n t  io n ic  
f r a c t io n s  o f  th e se  io n s ;  v e ry  h ig h  v a lu e s  o f  X ^ < r  i n  com parison  to  
X ^ -  and v e ry  lo w  v a lu e s  o f  X jq -  i n  com parison  to  X ^ -  . As expec ted  
fro m  e q u a tio n  ( 5 , 2 . 7 ) ,  s t r a ig h t  l in e s  w i t f i  s lo p e s  v e ry  c lo s e  to  u n i t y  
can be drawn th ro u g h  th e  e x p e r im e n ta l r e s u l t s  i n  F ig u re  ( 5 . 5 ) ,  w h ic h  
c o u ld  be an in d ic a t io n  th a t  th e  exchange system s c lo s e ly  f o l lo w  th e  
mass a c t io n  la w . The a p p a re n t e q u i l ib r iu m  c o n s ta n ts  f o r  th e se  
d i f f e r e n t  a n io n  exchange e x t r a c t io n  system s shown in  T ab le  (5 .1 0 )  
were c a lc u la te d  fro m  th e  in te r c e p ts  o f  th e  l in e s  in  F ig u re  (5 .5 )  u s in g  
th e  s t a t i s t i c a l  method o f  le a s t  squa res  .
In  a d d i t io n  to  th e  a p p a re n t e q u i l ib r iu m  c o n s ta n ts ,  th e  
e x p e r im e n ta l d a ta  o b ta in e d  fro m  th e  e q u i l ib r iu m  e x p e rim e n ts  were used 
to  e s t im a te  th e  the rm odynam ic e q u i l ib r iu m  c o n s ta n ts .  T h is  was done
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by u s in g  th e  th e o ry  o r i g i n a l l y  deve lop ed  by B a r re r  and F a lc o n e r^ 289  ^
f o r  d e s c r ib in g  u n i - u n iv a le n t  io n  exchange e q u i l i b r i a  w i th  z e o l i t e s  
and l a t e r  adop te d  by Salmon e t  a l .^ 287 268, 270 275) eXp ^ aj_n ^n g
u n i- u n iv a le n t ,  u n i - b iv a le n t  and u n i - t e r v a le n t  exchange e q u i l i b r i a  
w i th  c r o s s - l in k e d  g e ls  (see s e c t io n  ( 2 . 2 . 2 ) ) .  F o r a u n i - u n iv a le n t  
exchange sys tem  th e  r e la t i o n  ( 5 .2 .8 )  sh o u ld  e x is t  a t  e q u i l ib r iu m
X_ • XA • f , g __
In   a In  K _  2X CO/RT ( 5 .2 .8 )
XA • XB • f B A
T h e re fo re ,  a p lo t  o f  In  [(X g  . XA . f A) / ( X A . Xg . f g ) ]  a g a in s t  Xg
s h o u ld  be l i n e a r  w i th  a s lo p e  o f  —200/RT and an in t e r c e p t  a t Xg = 0 
Bo f  l n  L  , Such p lo t s  a re  shown i n  F ig u re  ( 5 . 6 ) ,  I t  s h o u ld  be 
A
m e n tio n e d , h o w e ve r, t h a t  f o r  th e  c o n s t r u c t io n  o f  th e se  p lo t s  th e
r a t i o  f . / f - r ,  was assumed to  be c o n s ta n t.  T h is  was due to  th e  f a c t  A B
th a t  a l l  th e  a n io n  exchange e x p e r im e n ts , i n  th e  p re s e n t w o rk , were 
c a r r ie d  o u t w i t h  i n i t i a l  aqueous s o lu t io n s  c o n ta in in g  t o t a l l y  0 .1  M 
sodium  o r  p o ta s s iu m  s a l t s  o f  th e  a n io n s  (a d ju s te d  to  pH = 3 ) ,  I n  
v ie w  o f  th e  a n io n  exchange n a tu re  o f  th e  e x t r a c t io n  and th e  m a in tenance  
o f  a n e a r ly  c o n s ta n t v a lu e  o f  th e  io n ic  s t re n g th  o f  th e  s o lu t io n ,  
th e  above a ssu m p tio n  may be j u s t i f i e d .
B
As F ig u re  ( 5 .6 )  shows, th e  p lo ts  o f  In  (IC^ a g a in s t  Xg a re
g e n e ra l ly  l i n e a r ,  as e xp e c te d  fro m  th e  th e o ry  d e s c r ib e d  in  s e c t io n
( 2 . 2 . 2 ) ,  T h e re fo re ,  th e  s lo p e s  and in te r c e p ts  o f  th e  l in e s  c a lc u la te d
s
by th e  m ethod o f  le a s t  square^ w ere used to  c a lc u la te  th e  therm odynam ic 
e q u i l ib r iu m  c o n s ta n ts  o f  th e  exchange system s i n  a d d i t io n  to  th e
0.9809 
0.0191 
0.9065 
0.0935 
-1.710 
-0.986 
5.297 
1.667
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F IG .(5 .1 )  C h lo r id e -b ro m id e a n d  c h lo r id e -b e n z e n e  s u lp h o n a te  e xch a n g e .
F IG . ( 5 ,2 )  C h lo r id e - n i t r a t e  and c h lo r id e  p e r io d a te  exchange .
202
F IG . (5 ♦ 3 ) C h lo r id e - io d id e  and c h lo r id e -s u lp h a m a te  exchange.
F IG . (5 ,4 )  C h lo r id e - io d a te  and c h lo r id e - th io c y a n a te  exchange ,
203
- 2 .0  - 1 .0  0 1 .0
L og ------
xcf
F IG . (5 .5 )  A p p l ic a t io n  o f  e q u a tio n  ( 5 .2 .7 )  to  u n i - u n iv a le n t  exchange 
e q u i l i b r i a ,
X f f
F IG . (5 ,6 )  A p p l ic a t io n  o f  e q u a tio n  ( 5 ,2 ,8 )  to  u n i - u n iv a le n t  exchange 
e q u i l i b r i a .
205
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e n e rg y  te rm  GJ , These v n lu e s  a^e  shown b e s id e  th e  a p p a re n t 
e q u i l ib r iu m  c o n s ta n ts  i n  Ta,ble (5 .1 0 1 , In  c o n n e c tio n  w i t h  th e  le a s t  
squa re  c a lc u la t io n s ,  i t  i s  to  be -m entioned t h a t ,  v is u a l  in s p e c t io n  o f  
th e  p lo t s  p ro ve d  necessary^ to  ig n o re  some e x p e r im e n ta l p o in ts  a t  low  
Xg v a lu e s .  These co rre sp o n d e d  to  th e  re g io n s  where o n ly  v e ry  s m a ll 
amounts o f  th e  exchang ing  io n s  w ere  b e in g  a n a lyse d  in  th e  aqueous 
phase . As m en tioned  e a r l i e r ,  each e x t r a c t io n  system  s ta r te d  w i th  
te n  aqueous s o lu t io n s ,  b u t due to  a n a ly t ic a l  d i f f i c u l t i e s  i n  th e  
m easurem ent o f  th e  e xch a n g in g  io n s  some e x p e r im e n ta l p o in ts  i n  th e  
lo w e s t re g io n  o f  Xfi c o u ld  n o t be o b ta in e d  w i th  c e r t a in t y  and 
th e re fo re  th e y  w ere ig n o re d .  T h is  was e i t h e r  xrtien th e  c o n c e n tra t io n  
o f  th e  e xchang ing  io n  in  th e  e q u i l ib r a te d  aqueous phase was v e ry  low  
( in  th e  case o f  h ig h  e x t r a c t io n )  o r  when th e  d i f fe r e n c e  between th e  
i n i t i a l  and e q u i l ib r iu m  c o n c e n tra t io n s  was v e ry  s m a ll ( i n  th e  case o f  
lo w  e x t r a c t io n ) . I n  th e s e  cases th e  e r r o r  o f  th e  m easurement w o u ld  be 
h ig h  s p e c ia l ly  i n  th e  ex trem e  cases o f  e i t h e r  v e ry  h ig h  o r  v e ry  low  
e x t r a c t io n s .
( 5 .2 ,2 )  Vapour P re s s u re  L o w e rin g  Measurements
The r e s u l t s  o f  th e  v a p o u r p re s s u re  lo w e r in g  m easurem ents a re  
g iv e n  i n  T a b le s  (5 ,1 1 )  to  (5 ,1 8 )  i n  w h ic h  A r  v a lu e s  a re  g iv e n  f o r  
s o lu t io n s  o f  b e n z i l  (s ta n d a rd  compound) and t r i - n - o c t y la m in e  and i t s  s a l t s  
i n  benzene w i t h  s to ic h io m e t r ic  c o n c e n tra t io n s  (S) o f  0*001  -  0 .0 2  
m o l e / l i t .  I n  F ig u re  (5 .7 )  A r  v a lu e s  have been p lo t t e d  a g a in s t  th e  
s to ic h io m e t r ic  c o n c e n tra t io n s ,  fro m  w h ich  th e  fo l lo w in g  a g g re g a t io n  
o rd e r  o f  t r i - n - o c t y la m in e  s a l t s  may be co n c lu d e d :
a) 
R
eference 
151
b) 
R
eference 
106, 
page 
228
c) 
R
eference 
(301)
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T a b le  (5 .1 1 )  C a l ib r a t io n  o f  M o le c u la r  W e igh t A p p a ra tu s  u s in g  
benzene s o lu t io n s  o f  b e n z i l  a t  25°C . A r  v a lu e s
e x t r a p o la te d  to  ze ro  t im e .
B e n z il
(M)
> X
rt 11 O B e n z il(M) ^ Rt  = 0
0 .0 0 10 3 0 .2 0 .0 12 0 342 .8
0.0020 5 2 ,0 0 .0 1 4 0 398.2
0 .0 0 4 0 1 0 8 .2 0 .0 1 6 0 454 .6
0 .0 0 6 0 167 .5 0 ,0 1 8 0 50 6 .6
0 .0 0 8 0 232 ,2 0,0200 565 .4
0 .0 10 0 2 8 6 .4 0 ,0 3 0 0 Out o f  range
T a b le  (5 .1 2 )  Vapour p re s s u re  lo w e r in g  measurements f o r  t r i - n -  
o c ty la m in e  in  benzene a t  25°C . A r  v a lu e s  
e x t r a p o la te d  to  ze ro  t im e . S and T a re  
s t o ic h io m e t r ic  and a p p a re n t m o la r c o n c e n tra t io n s ,  
r e s p e c t iv e ly .
S
(M) t  = 0
T
(M)
-  _ S
rt *rji"
0 .0 0 10 2 5 .7 0 ,0009 3 1.075
0 .0 0 4 0 118 .0 0 .00418 0 .9 5 7
0 .0 0 8 0 2 3 4 .8 0 .00829 0 .9 6 5
0 .0 12 0 3 50 .7 0 .01237 0 .9 7 0
0 .0 1 6 0 4 5 7 .8 0 .01614 O.S>91
0.0200 54 2 .5 0 .01913 1.045
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T a b le  (5 .1 3 )  V apour p re s s u re  lo w e r in g  measurem ents f o r  t r i - n -  
octy lam m onium  c h lo r id e  (T0A.HC1) i n  benzene a t  
25°C . A r  v a lu e s  e x t ra p o la te d  to  ze ro  t im e .  S 
and T a re  s to ic h io m e t r ic  and a p p a re n t m o la r 
c o n c e n tra t io n s ,  r e s p e c t iv e ly .
s
(M) ^ Rt  = 0
T
(M)
S
n -  f
0 .0 0 10 3 0 .3 0 .0010 9 0 ,9 1 7
0.0040 106 .0 0 .00376 1.064
0 .0 0 8 0 2 13 .4 0 .0075 4 1 .061
0 .0 1 1 9 313 .8 0 .01107 1 .075
0 .0159 419 .8 0 .01481 1 .074
0 .0199 488 .4 0 .0172 2 1 .156
T a b le  (5 .1 4 )  Vapour p re s s u re  lo w e r in g  m easurem ents f o r  t r i - n -  
octy lam m onium  b rom ide  (TOA.HBr) i n  benzene a t  
25°C . A r  v a lu e s  e x t ra p o la te d  to  ze ro  t im e .  S 
and T a re  s to ic h io m e t r ic  and a p p a re n t m o la r 
c o n c e n tra t io n s ,  r e s p e c t iv e ly .
S
(M)
>
rt 11 O T
(M)
S
n  — TjT
0 .0 0 10 2 6 .0 0 .0009 4 1 .064
0 .0 0 4 0 1 0 1 .6 0 .0036 0 1 . 1 1 1
0 .0079 192 .8 0 .00681 1 .160
0 .0119 271 .2 0 .00958 1 ,242
0 .0 1 5 8 343 .3 0 .0 1 2 1 1 1 .305
0 .0 1 9 8 410 .8 0 .0144 9 1 .366
J
T a b le  (5 .1 5 )  V apour p re s s u re  lo w e r in g  measurements f o r  t r i - n -  
octy lam m on ium  n i t r a t e  (TOA.HNOg) in  benzene a t  
25°C . A r  v a lu e s  e x t ra p o la te d  to  z e ro  t im e .  S 
and T a re  s to ic h io m e t r ic  and a p p a re n t m o la r 
c o n c e n t ra t io n s ,  r e s p e c t iv e ly .
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s
(M)
A r <- n t  = 0 T(M)
S
n -  T
0 .0 0 10 2 5 .8 0 .00094 1 ,064
0 .0 0 4 0 10 0 .0 0.00355 1 ,127
0 .0 0 8 0 191 .2 0 ,00676 1 .183
0 .0 1 1 9 26 8 .0 0 .00946 1 .258
0 .0 1 5 9 344.2 0.01215 1.309
0 .0 1 9 9 40 6 .8 0.0X435 1.387
T a b le  (5 .1 6 )  V apour p re s s u re  lo w e r in g  m easurem ents f o r  t r i - n -  
oc ty la tnm on ium  th io c y a n a te  (TOA.HNCS) i n  benzene 
a t  25°C . A r  v a lu e s  e x tra p o la te d  to  z e ro  t im e .
S and T a re  s to ic h io m e t r ic  and a p p a re n t m o la r 
c o n c e n t ra t io n s ,  r e s p e c t iv e ly .
S
(M) ^ Rt  = 0
T
(M)
S
rt
0 .0 0 10 26 .2 0,00095 1 .053
0 .0 0 4 0 10 0 . 1 0.00355 1.127
0 .0 0 8 0 187 .2 0 .00662 1 .208
0 .0 12 0 2 6 8 .3 0.00947 1 .267
0 .0 1 6 0 338 .8 0.01195 1 .339
0 .0200 405 .2 0 .01429 1.399
T a b le  (5 .1 7 )  Vapour p re s s u re  lo w e r in g  measurements f o r  t r i - n -  
octy lam m onium  io d id e  (TO A.H I) i n  benzene a t  25°C.
A r  v a lu e s  e x t r a p o la te d  to  z e ro  t im e .  S and T 
a re  s to ic h io m e t r ic  and a p p a re n t m o la r 
c o n c e n tra t io n s ,  r e s p e c t iv e ly .
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s
(M) ^ Rt  -  0
T
(M)
S
n -  ?
0 .0 0 10 24.8 0.00090 1 . 1 1 1
0.0040 93.6 0,00332 1.205
0.0079 174.0 0.00615 1.284
0.0119 248.4 0.00877 1.357
0.0158 313.3 0.01106 1.429
0.0198 368.9 0.01301 1.522
T a b le  (5 .1 8 )  Vapour p re s s u re  lo w e r in g  m easurements f o r  t r i - n -  
octy lam m onium  p e r io d a te  (TOA.HIO^) i n  benzene a t  
25°C . A r  v a lu e s  e x t r a p o la te d  to  z e ro  t im e .  S 
and T a re  s to ic h io m e t r ic  and a p p a re n t m o la r 
c o n c e n tra t io n s ,  r e s p e c t iv e ly .
S
(M)
^ Rt  = 0 T
(M)
S
n = TjT
0 .0 0 10 2 2 .8 0 .0008 3 1.205
0 .0 0 4 0 8 2 .0 0 .0029 1 1.375
0 .0079 144 .1 0 .0051 0 1.549
0 .0119 19 3 .2 0 .0068 3 1.742
0 .0159 2 2 5 .6 0 .0079 7 1.995
0 .0 1 9 9 252 .7 0 .00892 2 .231
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T h is  c o n c lu s io n  i s  based on th e  assum p tions  t h a t  a) s o lu t io n s  o f  
s ta n d a rd  compound ( b e n z i l )  behaye i d e a l l y ;  b ) d e v fa t ip n s  o f  th e  
m easured Ar fro m  th e  v a lu e s  o f  th e  s ta n d a rd  s o lu t io n s  a re  due to  th e  
p re se n ce  o f  a g g re g a te s ; c ) th e  m easurem ents a re  c a r r ie d  o u t a t 
e q u i l ib r iu m  c o n d i t io n s ;  d) a g g re g a te s  obey th e  mass a c t io n  la w  w i t h  
a l i  a c t i v i t y  c o e f f ic ie n t s  e q u a l to  u n i t y ;  e) d is s o c ia t io n  o f  th e  io n  
p a ir s  i s  n e g l ig ib le .  In  T a b le s  (5 ,1 2 )  to  (5 ,1 8 )  a re  g iv e n  th e  
v a lu e s  o f average a g g re g a t io n  number (n l.  c a lc u la te d  by  d iv id in g  th e  
v a lu e s  o f  s to ic h io m e t r ic  m o la r c o n c e n tra t io n  (S) by th e  v a lu e s  o f  
a p p a re n t m o la r  c o n c e n tra t io n  (T ) f o r  d i f f e r e n t  am ine s a l t s  d is s o lv e d  
i n  benzene (see s e c t io n  ( 3 . 2 , 1 ) ) ,  The v a r ia t io n  o f  th e se  average 
a g g re g a tio n  numbers as a f u n c t io n  o f  s to ic h io m e t r ic  c o n c e n tra t io n s  
o f  d i f f e r e n t  amine s a l t  s p e c ie s  i s  shown in  F ig u re  ( 5 .8 ) .
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r e s u l t s  o f  th e  a n io n  exchange e x t r a c t io n  system s i t  i s  n e c e s s a ry  to  
d e s c r ib e  th e  b e h a v io u r  o f  d i f f e r e n t  t r i - n - o c t y la m in e  s a l t s  i n  th e  
o rg a n ic  s o lv e n t  used , nam e ly  benzene. As d e s c r ib e d  in  s e c t io n  ( 1 . 2 ) ,  
th e  a g g re g a t io n  o f  s a l t s  o f  h ig h  m o le c u la r  w e ig h t am ines i n  o rg a n ic  
s o lv e n ts  i s  a w e l l  known f a c t  and has been s tu d ie d  u s in g  s e v e ra l 
te c h n iq u e s . I n  th e  p re s e n t w ork  th e  s ta te  o f  a g g re g a tio n  o f  
c h lo r id e ,  b ro m id e , n i t r a t e ,  th io c y a n a te ,  io d id e  and p e r io d a te  s a lts *  
o f  t r i - n - o c t y la m in e ,  as w e l l  as t r i - n - o c t y la m in e  i t s e l f ,  i n  benzene 
was s tu d ie d  u s in g  th e  va p o u r p re s s u re  lo w e r in g  te c h n iq u e . U n fo r tu n a te ly ,  
due to  th e  l im i t a t i o n s  in  th e  m easureab le  c o n c e n tra t io n  range  o f  th e
I
in s tru m e n t u se d , o n ly  a c o n c e n tra t io n  range  o f  0 .0 0 1  -  0 .0 2  M was 
s tu d ie d .  The r e s u l t s  o b ta in e d  a re  g iv e n  n u m e r ic a l ly  in  T a b le s  (5 .1 1 )  
to  (5 .1 8 )  and g r a p h ic a l ly  i n  F ig u re s  (5 .7 )  and ( 5 . 8 ) .
As th e s e  r e s u l t s  show, th e  p u re  t r i - n - o .c ty la m in e  i n  benzene 
appears to  be m onom eric o v e r th e  w ho le  range  o f c o n c e n tra t io n  s tu d ie d ,  
s in c e  i t  c lo s e ly  f o l lo w s  th e  c u rv e  re p re s e n t in g  th e  s ta n d a rd  compound 
th a t  i s  b e n z i l .  T h is  m onom eric s ta te  o f  th e  amine has a ls o  been obse rved  
by  o th e r  w o rk e rs  ( 80>10 8 »18 7 188) wj1Q have used d i f f e r e n t  lo n g -c h a in  
t e r t i a r y  a lk y la m in e s ,  in c lu d in g  t r i - n - o c t y la m in e ,  in  d i f f e r e n t  s o l ­
v e n ts .  As e x p e c te d , h o w e ve r, th e  amine s a l t s  show d i f f e r e n t  deg rees  
o f  a g g re g a tio n  and th e  in c re a s in g  o rd e r  in  w h ich  th e y  a g g re g a te  i s :
C l"  < B r "  < NO “  < NCS”  < l “  < 10 “3 4
so t h a t  th e  g r e a te s t  d e v ia t io n  fro m  id e a l i t y  i s  obse rved  f o r  s o lu t io n s  
o f  t r io c ty la m m o n iu m  p e r io d a te  and th e  le a s t  f o r  s o lu t io n s  o f
(5 .3 )  D is c u s s io n :
(5 .3 .1 )  A g g re g a tio n  o f  the  Amine S a l ts : In  o rd e r to  e x p la in  the
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As the resu lts of other workers on the same subject also show,
(20,30,132-134,137) , . , 'the aggregation of amine s a lts ,  with a given
amine and in a given solvent, generally increases with increasing
the dimensions of the anions of the s a lt s ,  A general explanation,
i f  not the only one, for th is order of aggregation of the amine sa lts
could come from a consideration of the e lec tro sta tic  interactions
between the trioctylammonium cation, (C0H__ )_Nli, and d ifferento 1 / 3
a n i o n s , I f  the order of aggregation of the halides is  considered* 
then, on simple coulombic grounds, the interaction in the organic 
phase between the ammonium cation and the anion should decrease from 
chloride to bromide to iodide. The evidence for th is  comes from the
infrared (IR) absorption spectra of the ammonium or deuterated
• * + ammonium sa lts  where, the wavenumbers of the bands attributed to N H-
or N D- bands increase as a resu lt of decreasing cation-anion attrac-
/oo oqci
tion from chloride to iodide * ; furthermore, the absorption
bands narrow in the same order because of the decreasing hydrogen
bonding. Sim ilarly, nuclear magnetic resonance (NMR) spectra show
a chemical sh ift  of the ammonium hydrogen which can be correlated
in the same order with a decreasing interaction from chloride to 
(28-29!iodide . However, the stronger the cation-anion hydrogen
bonding, the le ss  the resulting ion-pair needs further (e lectro sta tic )  
solvation through aggregation into higher ion associations. Therefore, 
one would expect the association beyond the ion-pair to increase in 
the order Cl < Br < I , as was observed in the present work. To 
include the other amine sa lts  studied here, i t  may be said that the 
tendency of forming hydrogen bonds between anion and cation, which 
sta b ilize s  the ion-pair, increases in the order
tr iocty lam m on ium  c h lo r id e  ( s e e  F ig u re  ( 5 . 7 ) ) .
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Cl" > Br” > NO ~ > NCS” > i" > 10.“3 4
thus favouring the formation of aggregates in the opposite d irection.
As to the important role played by the organic diluent in  the 
aggregation of amine s a lt s ,  i t  should be noted that benzene i s  a 
solvent with an unusually high solvating p o w e r T h i s  is  despite 
i t s  zero dipole moment and comparably low d ie le c tr ic  constant 
(e = 2.28) as opposed to that o f, say, cyclohexane (e » 2 . 02);  
the aggregation of amine sa lts  is  much higher in cyclohexane than 
in  b e n z e n e 80*188^. As explained in (1 .2 ), the high solvation  
power of benzene and in general aromatic diluents is  due to their IT 
electrons which a ffect the aggregation of an amine sa lt  through a 
so lu te-so lvent interaction leading to a shielding of the high dipole 
moment of the ion-pair and therefore sta b iliz in g  i t ;  the more s ta b il­
ized the ion-pair, the less  i t  needs to aggregate. In a situation  
where the diluent is  a poor solvating agent (for example, cyclohexane 
in comparison to benzene), the ion-pairs themselves help solvate  
each other through e lec tro sta tic  interaction leading to the formation 
of higher ion aggregates.
Although a small range of concentration (0.001 -  0.02 M) was 
studied in th is  work, nevertheless the resu lts obtained agree well 
with the lim ited literatu re data available (see Section (1 .2 )) .
(5 .3 .2) Anion Exchange S e lec tiv ity  Order; The resu lts  of the uni­
univalent exchange systems using tri-n-octylam ine hydrochloride 
(T0A.HC1) in benzene as the ion exchanger have been given in (5 .2 .1 ).  
From inspection of the isotherm p lots in  Figures (5.1) to (5.4) and the
values of the s e le c t iv ity  co e ffic ien ts  or the apparent equilibrium
g
constants, K A, given in Table (5 .10), i t  is  apparent that the organic 
phase shows the h ig h e st ,a ff in ity  for the thiocyanate ion and the 
lowest a ffin ity  for the iodate ion, so that, p ractica lly  a l l  the 
chloride ion in  the organic phase is  replaced by the thiocyanate 
ion and in  the case of the iodate ion very l i t t l e  amount of i t  is  
exchanged into the organic phase. As mentioned before in section  
(5 .2 .1) no attempt was made to calculate the s e le c t iv ity  co effic ien t  
or the apparent equilibrium constant of the exchange reactions of 
iodate and thiocyanate ions with the chloride ion due to the 
uncertainty of the analytical re su lts . The general s e le c t iv ity  
order observed is  as follows*.
10 " < NH SO " < Cl" < Br" < NO “ < CrfLSO ” < 10 “ < l “ < NCS"3 2 3   3 6 5 3 4
RIn Figure (5 .6 ), where the values of ln(K - f . /K )  for each
A A B
experimental point have been plotted against X^  values, i t  is  
observed that straight lin es could be drawn through the experi­
mental points, as expected from the theory described in (2 . 2 .2 ) 
and applied in (5 .2 .1 ) , from which the thermodynamic equilibrium  
constants of d ifferen t anion exchange reactions, were estimated
and are shown in Table(5 .10). When the present theory is  used to 
describe the ion exchange behaviour of cross-linked gel ion-exchangers, 
for which the theory has actually  been developed, an additional 
piece of information is  obtained. This is  the interaction energy m 
which is  associated with placing two B ions on adjacent s ite s  of 
the resin matrix and is  obtained from the slope of ln(K 
versus X^  p lo t, that is  -2w/RT. A positive value of w is  obtained 
when the p lot shows a negative slope which is  normally the case.
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In the present work, however, the fixed and cross-linked structure 
of an ion-exchange resin  does not ex ist and therefore, assuming constant
values for r a tio s , i t  is  expected to obtain low or zero values of
But as the values of to in  Table (5*10), calculated from the slopes 
of the lin es in Figure (5 .6 ) , show*this is  not always the case. Although 
the obtained values of interaction energy term are generally small*
+
nevertheless they have f in i t e  values, which may be attributed to the
i
association  of the amine sa lts  in  the organic phase. The association  or t
i
aggregation of the amine sa lts  in the organic phase causes a deviation of ]
the a c tiv ity  co e ffic ien ts  of the organic phase species from unity
whose magnitude for a given amine sa lt  in  a given solvent and at a given
|
temperature depends on the concentration of the amine s a lt  (see section  (1 . 2) ) .  ; 
This means that, as the value of Xg is  increased in each exchange system 
the value of ratio  does not remain constant, but decreases. As a
resu lt of th is  decrease in the ra tio , straight lin es  with negative
slopes are obtained, from which the p ositive  values of to are deducted. i
In two cases, namely the bromide and sulphamate exchange systems, 
however, negative values of to have been obtained (see Table (5 .1 0 )). In 
both cases, these values may be attributable to experimental error, as in  
the bromide case the value of to i s  quite small and in the case of sulphamate 
the range of Xg change i s  small due to low extractab ility  (see Figure (5 .3 ))  
which causes a higher degree of experimental error in the slope of the 
straight lin e .
An in teresting  rela tion  i s  observed between the values of to and 
the degree of aggregation of the amine s a lts .  I t was shown in  (5*3.1)
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that the aggregation of trjpa-octylamine sa lts  in benzene increases in  
the order Cl < Br < NO^  < I  < 10  ^  which i s ,  in  fa c t, in the same 
order that the o> values increase in  Table (5 .10). This is  explained 
by the fact that, as the aggregation of the amine sa lts  of the exchanging 
ions increasesin the above order, so does the rate of decreasing the 
a c tiv ity  co effic ien t ratio  with increases in X^  values. Therefore,
the increases in the degree of aggregation of d ifferent amine sa lts
B -
are reflected  in the slopes of ln  versus Xg p lots through the
A r a t ^08 which determine the w values.
Since the s ta t is t ic a l  thermodynamic treatment of Barrer and 
Falconer (269) go^ d  exchangers which was based on the concept of 
the exchanging ions occupying s ite s  (with a positive value for a) implying 
an additional energy associated with the situation  where two B ions 
occupying adjacent s ite s )  f i t s  the liquid ion exchange equilibria  described 
in the present work, one would expect some kind of structure in  the liquid  
exchanger akin to cross-link ing. M icelle formation in the organic phase 
may provide the necessary structure. The aggregation studies carried out 
in  the present work are not, unfortunately, su ffic ien t to provide the 
evidence for m icelle formation. But, Hogfeldt et a l . ,a s  described in  
section  (1 . 2) ,  have observed the formation of very large aggregates 
consisting of up to ninety monomers in  some amine s a lt  so lu tions, which 
may be considered large enough to behave as m icelles.
In order to explain the s e le c t iv ity  order observed in th is  work, 
a l l  the factors which may influence the extraction of d ifferent anions 
into the organic phase should be considered. The influence of the anion 
comes through both i t s  aqueous phase and i t s  organic phase behaviour.
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Since a proton can be captured and extracted by an amine only i f  an anion 
goes along to preserve electroneutrality , the hydrophobic or hydrophilic 
nature of the anion helps determine the degree of extraction. That i s ,  
one must consider how strongly the anion is  bound into the aqueous phase 
by polar groups and by hydrogen bonds and to what extent i t s  hydrophobic 
parts break up the water structure and so help in i t s  extraction (ejection) 
from the aqueous phase. The anion also plays a ro le  through i t s  organic 
phase behaviour, even neglecting any possible sp ec ific  interaction with 
the solvent molecules, because, depending upon i t s  b asic ity  and s iz e , i t  
can in teract with cation, through hydrogen bonding or Bjerrum type
ion-pair formation to influence the degree of extraction.
The majority of authors, however, have concluded, as described in  
sections (1 .3 .1 ) and (1 .4 .3 ), that the main factor influencing the extraction  
of d ifferen t anions is  their aqueous phase behaviour. Indeed, correlations
between the anion exchange s e le c t iv ity  and the hydration energy have been
, „ . . (22, 149-151, 225, 296) _ - (297-298) . .shown to e x is t  . Diamond et a l, consider
that, for simple ions, the need for hydration can be correlated inversely
with the s iz e  of the ion. In other words, the hydrogen bonding interaction
between a protic solvent, in th is  case water, and anions is  greatest for
small anions lik e  fluoride, hydroxide and chloride and lea st for large
anions lik e  iodide. For polyatomic ions one must a lso consider structural
features, particularly hydrophilic groups. These authors have indicated
that, at lea st  for ions of sim ilar s iz e  and structure, the degree of
hydration of the anion, or the strength of the parent acid (see Table (5 .1 0 )),
is  an ind ication  of the strength of the ion 's interaction  with water; the
more strongly an anion picks up a proton (the weaker the parent a c id ), the
more strongly the anion hydrogen bonds to a water molecule, and the
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se le c tiv ity  of the anions have been predicted by th is  approach for the
somewhat related case of anion exchange with a so lid  ion-exchange resin  
(297—298) . I n  the present work, the correct order for the halides is
predicted, as expected, and in fact a linear relation  between the values
of the logarithms of the anion exchange extraction constants, log K_ „ and
1 Cl
the strength of the corresponding acids of these anions, log K , isd
Bobserved as shown in Figure (5 .9 ) . The values of log and log
have been given in Table (5 .10). Most of the polyatomic anions, that 
is  n itrate,periodate and benzene sulphonate deviate from th is correlation  
and despite being stronger bases (or having weaker parent acids) than 
the chloride ion, they are extracted to a large extent. This could be, 
as expected, due tP their large s iz e  and d iffering  structural features, 
as a result of which the strength of the interaction between these anions 
and water molecules may not be represented by the strength of the parent 
acid s.
a k (22, 149-151, 225, 296) „ .. . ..An alternative approach suggests that the
difference in hydration energies of the two exchanging ions determines the
se le c tiv ity  order. I t  can be seen from Figure (5 .10), which shows a p lot
g
of the logarithms of the anion-exchange extraction constants, log IL, ,
Cl"
against the difference in enthalpies of hydration of the anions (as given 
in  Table (5 .10 )), that there is  in  fact generally a good correlation with 
the exception of n itra te  which deviates slightly* If* however, the free  
energies of hydration (as given in  Table (5.10)) are used instead of the 
enthalpies, a sa tisfactory  straight lin e  is  obtained (Figure (5.11))
more s tr o n g ly  i t  p r e f e r s  th e  aqueous p h a se . S e v e r a l c o r r e c t  o rd er s  o f
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Log Ka
FIG.(5.9) Correlation between thermodynamic equilibrium constants 
of exchange and d issociation  constants of parent acid.
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-  |A G 0h(c f)-A G °h(B“)  |  , KCal/mole
FIG.(5 .IX) Correlation between thermodynamic equilibrium constants
of exchange and difference in free energy of hydration of 
exchanging io n s.
-  ■{ A h ^ C I  A h ^ P  f KCal/m ole
FIG . (5.10) Correlation between thermodynamic equilibrium constants
of exchange and difference in enthalpy of hydration of' 
exchanging io n s.
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and the n itra te  ion which deviated the straight lin e  in  Figure (5.10) 
clo se ly  follows the new correlation. Unfortunately, however, the 
availab le litera tu re  data on hydration energies are lim ited and 
therefore i t  is  not possib le, at th is stage, to te s t  the above corre­
la tion  for some of the anions. Nevertheless, the correlation obtained 
in  Figure (5.11) on the basis of the data available may be regarded as 
evidence for the theory that the ion exchange extraction se le c tiv ity  is  
determined to a major extent by the free energies of hydration of the 
anions invo1ved.
A sim ilar satisfactory  correlation and the same order of s e le c tiv ity  
have been obtained (see sections (1 .3 .1 ) and (1 .4 .3 ))  in studies involving 
the extraction of many anions from aqueous solutions by other amine s a lt s ,  
as extractants, in d ifferent solvents 2^2> “L49, 151, 156, 225)^ Therefore,
i t  may be suggested that predictions for amine extraction systems both 
as to the order of extraction of d ifferent anions and even the magnitude 
of the d istribution  ratio may be made, provided that the free energy of 
hydration of the anions and some reference point are known. F inally , i t  
is  in terestin g  to note that a strik ingly  sim ilar order of s e le c t iv ity  
of anions is  observed with so lid  ion-exchange resins ^02 304)^
which supports the general b e lie f , in itia ted  by Smith and Page , 
concerning the sim ilarity  between amine extractants and so lid  ion 
exchange resins.
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mentioned in section  (5 .2 .1 ) certain assumptions were made, such as
the s im ilarity  between organic solutions of tri-n-octylam ine sa lts
and so lid  ion exchange resin s, and the constancy of the f^ /fg
ratios with changes in Xg values, I t  is  therefore necessary to have
some ju s t if ic a t io n  for these assumptions. This ju s t if ic a t io n  may be
obtained by showing that i t  i s  possib le to use the Values of 
BK^, and U) obtained to p lot the isotherm from which these values originated.
* BThis has been done by feeding the values of In and OJ in Table
A
(5.10) into equation (5 ,2 .8 ) and settin g  f^ /fg  -  1 and calculating  
the value of Xg for various values of Xg (that is  Xg = 0 . 1 , 0 . 2 , 0 ,3  
, . , , , . )  . An id en tica l procedure for uni-univalent exchange reactions 
with so lid  ion exchange resins has been described elsewhere^288^,
For uni—bivalent systems, however, an ite ra tiv e  procedure has been 
used , The calculated isotherms, Figures (5*1) to (5 ,3 ) , in
the form of dark curves passed through the experimental points indicate  
that these are id en tica l with those drived experimentally. Thus i t
g
appears that the values of and GO which have been calculated,
A
describe the systems to which they are related extremely w ell.
I t  i s  known that predictions can be made for unknown systems
through the combination of two known systems involving one common
exchanging ion^287~268\  Thus, by combining the ln  kJ8 and U)
A
values obtained for d ifferent systems shown in Table (5 ,10), one 
can predict systems such as I — Br or 10 4 — NO^  , Therefore, i t  is  
suggested that in future works these predictions be made and then 
compared with the experimental resu lt.
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